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SYSTEMATICS OF THE (a, 2a) REACTION AT E = 90 MeV 
a 

Joseph Donald Sherman 

Lawrence Berkeley Laboratory 
University of California 

Berkeley, California 94720 

Abstract 

A coincidence technique has been used to study the (a, 2a) reaction 

on a series of nuclei at Ea = 90 MeV. Typically, resolutions of 250-300 

keV FWHM have been achieved for' the kinematic bands lying in the 

12 66 
T3 + T 4 vs. T3 kinetic energy plane. Nine targets from C to Zn 

have been studied. The most complete experimental data were taken 

on the 12c and 16o targets in order to define the angular correlation 

shape so that a three body reaction theory could be more completely 

tested. The 12C(a, 2a) 8Be and 16o(a, 2a)12c reactions included sym-

metric angle measurements from 19° to 4 7° in approximate 4° steps; 

also, an asymmetric angular correlation with one counter fixed at 42° 

and the other counter ranging from 25° to 4 7° in 3° steps was taken. 

Since data were obtained in the energy plane, energy and momentum 

correlations were also extracted. 

The seven remaining targets studied by the (a, 2a) reaction were 

24M 26M zss. 3os. 40c 44c d 66z s . 1 g, g, 1, 1, a, a, an n. ymmetr1c angu ar 

correlations were taken in the 28° to 47o range for these nuclei, 

typically taking four angular settings for each target. In all cases 

data were taken at the symmetric quasi-elastic angle. A prominent 

systematic feature to emerge from this study was the predominance of 

40 36 . the ground state transitions. The Ca(a, 2a) Ar reaction was the only 

nucleus to yield excited state eros s sections that were comparable to 
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the ground state transition. Another systematic item was that after a 

rapid fall of cross section from the p-shell nuclei to, the sd-shell nuclei, 

the (a, 2a) cross sections were found to be nearly constant from the Si 

isotopes to 66zn. The angular correlations for transitions to the ground 

states of these nuclei are very similar. 

A distorted wave impulse approximation (DWIA) calculation was de-

veloped; the distortions were described by McCarthy-Pursey wave func-

tions with the focus term set equal to zero. The DWIA was found to fit 

the angular correlations in shape and magnitude. Systematic features 

of the energy correlations were also described quite well, although the 

momentum correlations were fit. in shape and magnitude only for 

-1 q < 0.5 (fm) , The model was used to extract relative spectroscopic 

12 66 
factors from C to Zn, and these results were in good agreement 

with spectroscopic factors obtained from a DWBA analysis of a syste-

3 7· ' . 
matic ( He, Be) study. 

16 . . 12 . . 12 
The 0 (a, 2a) C reach on was found to populate the C ground 

state most strongli; wh~reas the (d, 
6

Li) and (
3

He, 
7 

Be) reactions have 

prefere~tially populated the 12C(4.44) level. Also, theoretical calcula

tions have shown that the { 12c(4.44) +a} configuration is the principal 

parent of the 
16o nucleus in an alpha cluster model. Analysis within 

the plane wave impulse approximation (PWIA) of the 
16

o(a, 2a)
12c re-

action still indicated that the 
12

C(O.O) was receiving most of the (a, 2a) 

transition strength. This result indicates that the (a, 2a) and alpha 

pickup reactions are probing four particle correlations in different 

manners, and a careful theoretical analysis of the (a, 2a) reaction 

mechanism would be very valuable to nuclear structure studies if these 

differences wzre elucidated. 

/ 

, .•.. 

• ... 
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I. Introduction 

A. Alpha Clustering 

Alpha clustering in nuclei has been a recurring theme in nuclear 

physics. Early experimental evidence which favors alpha clustering in-

eludes alpha decay [Gam 28] and binding energy systematics. Neutron 

binding energy systematics have been summarized by Soloviev [Sol 60] , 

and Fig. I-1 indicates that a maximum in the experimental neutron 

binding energy occurs at the 4N nuclei. The binding energy systematics 

are understood within the supermultiplet scheme. In this description 

[ Eis 58] it is seen that the alpha particle wave function is completely 

spatially symmetric, and thus takes full advantage of the attractive spin 

and isospin independent nuclear forces. 

Alpha decay and binding energy systematics helped stimulate early 

development of a-cluster models [ Whe 37, Mar 41] , and there has been 

steady development since (c£. [Ari 72] for references). The increasing 

complication of shell model calculations with residual interactions led 

to the suggestion that refined clustering models provide an alternative 

description of nuclear states [ Bri 66], and much theoretical effort has 

recently been expended in developing cluster models [ Ari 72]. 

The quartet model [ Ari 71] and quadruple mode~ [ Eic 72] provide 

microscopic descriptions which emphasize alpha-like clustering in nu-

clei. Pairing as well as "quartetting" or ''quadrupling" is included 

in the model development; Fig. I-1 indicates that discontinuities in 

neutron binding energies also exist for paired nuclei. Whether these 

models will provide insight into nuclear properties is controversial 

[Rob 72] , and the relation of these models with other alpha-clustering 

theories remains largely uninvestigated[ Ari 72] 
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B. Recent Experiments 

Considerable experimental effort has been applied to the study of 

clustering pheno'mena, and much more diversified information has be-

come available. Alpha capture reactions have been irtvestigated [Ball 

59]. These authors studied the 
58

Ni, 
136

xe (a, 'V) reactions, and found 

the maximum cross section at about 20 MeV excitation in the residual 

nuclei. This result has been interpreted as evidence for the possibility 

of alpha clustering at high excitation in these nuclei [Phi 60]. 

Another experiment which has been interpreted as evidence of a-

clustering in nuclei is the enhanced elastic alpha scattering from the 

40 . 44 ' 
Ca target relative to the Ca target in the backward hemisphere 

[ Sto 72]. The enhanced scattering was attributed to existence of alpha 

clusters in the nuclear surface of 40 ca. It was postulated [ Sch 70] that 

the incident alpha undergoes repulsive scattering from the discrete 

alpha clusters, and sufficient momentum is transferred to the core-

cluster system so that the incident alpha is scattered at large angles. 

The bond in the core -cluster system is not broken~ and the whole nu-

clear mass is available to absorb the momentum transfer. This picture 

is analogous to the Mossbauer effect. 

Alternative explanations were soon developed in terms of an 1-de-

pendent optical model [ Eber 70]. Since the (a, n) Q-value is more 

. 40 44 
negahve for Ca than Ca, the partial waves contributing to absorption 

· 
40c · h ( ) · ff · · 1 1 12 1n a v1a t e a, n reachon are cut o at approximate y ::: , 

n 
. 44 

whereas the cut off for Ca is 1 ::: 15. Thus partial waves with 
n 

1 :::c 12 for· 
40

ca could contribute only to the elastic channel, which 
n 

gave an alternative explanation not involving alpha clustering for en-

hanced scattering at eL > 90°. 
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In the most recent elastic scattering study over a broad angular 

range [ Oes. 72] atE = 20-30 MeV additional targets were studied. 
' a . . 

The co~clusions were: First, N = Z or N = Z + 1 nuclei showed back 

angle enhancements. Second, excess neutrons do not destroy this en

hance~ent if the .neutrons occupy the same major shell as the outer nu.:. 

cleons of the N = Z and N = Z + 1 isotopes. Third, the enhancement 

was reduced if the excess neut-rons ent~red the next higher shell. The 

authors point out that the 1 -dependent optical n10del is not consistent 

with their conclusions for nuclei in the second category. Summarizing, 

it seems that. a more consistent picture of large angle elastic alpha scat-

tering in terms of a-clustering may be emerging, although ·problems 

and ambiguities remain. 

A more direct procedure for determining cluster structure is to 

study four nucleon pickup and stripping reactions. These methods are 

relatively recent, since they involve good resolution work with heavy 

ions (A > 4} in either the incident or exit channel, or both. The 

. 6 . . . . ' 3 7 . 
(d, Li) [Den 66, Gut 71, MeG 71, Bed 72] and (He, Be) [Zaf 71, 

Det 72, Det 70, Zaf 72] pickup reactions have been the most popular 

probes in investigating the parentage of target nuclei in terms of 

{residual co;r~ + cluster} configurations [La 55] . Four particle stripping 

reactions provide information concerning parentage relations between 

the final nucleus' spectrum and the {target (g. s.) +cluster} system. 

Some of the earliest ( 
16

0, 
12

C) .. work [ Fai 70] on Fe isotopes picked 

out discrete states at comparatively high excitation energies in the Ni 

isotopes; these results were interpreted as experimental evidence 

supporting quartet states. The (
16o, 12c) reaction has also been studied 

,, 
. 'J'. 

. 
"" 
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in the 2s~1d shell.[Mah Tl, Mun 72]. Other four nucleon stripping 

reactions include the (
7
Li, t), (

6
Li,d), (

12c, 8Be), and (20 Ne, 16o) 

reactions. A summary of alpha:-particle transfer reactions has been 

published [Bet 70] . The DWBA analysis [ Kubo 72] of four particle 

transfers is more complicated than the DWBA treatment for projectiles 

and products with A <4, and it seems unlikely that the transferred 

cluster in four nucleon stripping and pickup reactions maintain the 

high spatial symmetry of a free alpha particle. 

The knock-out reaction has been of continuing interest in clustering 

studies. The alpha knock-out process is written (x,xa) where x is 

typically a proton or alpha particle. This reaction requires the mea-

surement of energies and angles of two exit particles to completely 

specify the kinematics. The required coincidence technique gives 

strong control of the kinematics, and the detector geometry can be ar-

ranged so that the residual nucleus receives small or zero recoil energy. 

The residual nucleus may then be described as a spectator to the x-a 

collision: this is the basis for the impulse approximation. 

The 
12c, 16o (p, pa) reactions at energies greater than 100 MeV 

have been investigated by several workers. James and Pugh [Jam 63] 

studied the 
12c (p, pa) reaction at Ep = 150 MeV. They concluded that 

. . . 8 
many events left the residual Be at 11 MeV excitation. Later work 

[ Gott 70] with better energy resolution and statistics for 
12c (p, pa) at 

Ep = 160 MeV did n:ot agree with the earlier James and Pugh result. 

The latter authors found 
8
Be (0.0) most strongly excited, with consider

able excitation of 
8

Be (2. 90). Gottschalk and Kannenberg also studied 

the 
16

0 (p,pa) process [Kann 68]. A recent (p,pa) experiment at 
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E = 156 MeV was studied on six targets:from 
6
Li to 

232
Th [Bach 73J: 

p 

They emphasized the quasi-elastic condition, and. found a mass dependence 

for the a knock-out process. An unfortunat~ feature of the higher energy 

(p, pa) experiments, to date, is the poor ener'gy resolution:· it is difficult 

to resolve final states even in light n~clei ( <: 16
o). 

The (p, pa) reaction ha~ also been studied in the 40-60 MeV proton. 

. 9 . 5 . 
energy range. The Be {p, pa) He reaction [ Roos 68] at Ep = 57 MeV 

was analyz·ed within the impulse approximation, but reactions on 
12c 

atE = 57 MeV [ Ep~ 68] and 16oand 20Ne atE.· = 47 MeV [Eps 71] 
p p 

were fOund to be dominated by sequential processes. 

The (a, 2a) reaction history is similar to that of the {p, pa) work.· 

S~veral light targets (6Li in particular) have been studied in the 

Ea = 40 - 70 M~V. range/ and have been interp.reted within the impulse 

approximation. [Pugh 69, Gaii 7o]. Success in interpreting the 
6
Li, 

7
Li, 9Be, an.d 

12c (a, 2a) reactions atE = 25 MeV within the impulse 
a 

approximation has also been reported [Dol 69, Dol 69a]. 

A study of the (a, 2a) reaction at 0.91 GeV indicated that all nucleons 

in the density region P < Po/ 20 were clustered [ Igo 63] . The quantity 

Po is the nuclear density within the nucleus. The. 
28~i(a, 2a) reaction 

was studied at Ea = 104 MeV [Pli 69]. These authors concluded that 

the 4.12 (4 +) state in 
24

Mg was more strongly populated than the ground 

(0+) or first excited (2+) states. As in the high energy (p, pa) work, de-

tailed spectroscopy was difficult because of poor energy resolution. 

:, -.-. 
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II. Theory 

A. Kinematics and Three Body Correlations 

Figure II-1 displays the coplanar geometry used throughout this 

experiment as well as kinematical definitions. Most measurements 

maintained a symmetric angle geometry, e1 = - e2 • The notation used 

is that the initial system is composed of the incident beam labelled by 

the four-momenta P
1 

and stationary target labelled P 2. The final 

system is composed of detected particles 3 and 4 (P3 and P 4 ) at angles 

e 1 and e
2

• The recoiling nucleus (P 
5

) is undetected. The kinematic 

quantities characterizing the recoil motion are completely det'ermined 

(except for uncertainties introduced by finite detector sizes) by the en-

ergy and angle measurements performed on particles 3 and 4. In four-

vector notation the conservation of momentum and energy is 

(II-1) 

A derivation leading to P 5 and other kinematic quantities of interest as 

a function of P 3 and P 
4 

is given in Appendix I.A. A development of rel

ativistic and non- relativistic three-body kinematics is found in [ Zup 67]. 

Relating specifically to the (a, 2a) experiment, particle 1 is the incident 

a beam,. 2 is the target, 3 and 4 are the detected final state alphas, and 

5 is the recoiling nucleus. The symbol q is used for the bound alpha's 

initial momentum. It is attempted to maintain this notation throughout, 

although certain instances benefit from a change in terms. 

The experimental geometry is arranged so that the accepted co-

incidence events correspond to a small recoil energy, and it is possible 

for T 5 to be zero at some symmetric angle, which is subsequently re-

£erred to as the quasi-elastic angle. In the non-relativistic limit the 
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symmetric quasi-elastic angle is a function ofT 
3

, T 
4

, and the reaction 

Q-value, and is given by: 

cos(2eQ. E.) = - Q/2 T 3 ·- (II-2) 

where it has been assumed T
3 

= T 4 and e 1 =- e2 = eQ.E •• This angle 

is of considerable importance in three-body reaction theory [Holm 69]. 

A derivation of the relativistic and non- relativistic formulae for II-2 is 

given in Appendix I.B. 

· Examples of the three body kinematics are given in Fig. II-2. The 

kinetic energies of particles 3 and 4 are given .by T 3 and T 4 . The T 3 

versus T 
4 

plot is a common technique used to display coincidence data, 

but the plot of T 3 + T 4 vs. T 
3 

is more convenient for data analysis in 

this experiment. The triple differential eros s section (a
3 

(8) or 

3 
d CT /rln 1 dn

2
dT 

3
) is extracted from events distributed along these 'kine-

matic bands. This eros s section can then by plotted versus the appropri-' 

ate kinematic variable to obtain the desired correlation. 

The energy correlation is a plot of a 3 
(8) versus T 3 , while the mo

mentum cor,relation refers to a plot of a 3 
(8) versus the recoiling wave 

number, -k 5
. A symmetric angular correlation can be defined by re-

quiring e 1 =- e2 = e, T 3 = T
4

, and then plotting the a 3
(8) extracted 

under these restraints versus e. An asymmetric angular correlation 

utilized in these experiments is obtained by plotting a 3 
(8) vs. e2 where 

e2 varies and e 1 remains stationary. This last correlation is kine

matically restricted by taking a 3
(8) at the value of T 3 that requires 

the recoiling nucleus to be collinear with the beam axis. 
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XBL 727-1236 

Fig. If-2. Examples of three body kinematics 
calculations in the T 3 vs .. T 4 plane (top) and 
in the T3 + T 4 vs. T 3 plane (bottom). The 
notation is that given in Fig. II-1 and Appendix L 
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B. Competing Heaction Mechanisms. 

The behavior of (] 
3 

(8) along the kinematic band is an indication of 

the reaction mechanism. A sequential process is an inelastic scattering 

to a level at high excitation in the target nucleus which then decays by 

a-emission to the ground or low-lying state of the final nucleus: 

* 1+2-2 +3 
L_ 4 + 5. (II-3) 

Such a process obeys three body kinematics, and events corresponding 

to such a mechanism usually appear as sharp structure in a kinematic 

band. These sharp structures are due to the particle unbound levels 

* I in 2 ; very highly excited overlapping levels could contribute but have 

been considered negligible in the (a, 2a) analysis. 

A second mechanism, referred to as quasi-elastic scattering, is 

viewed as a one-step process: 

1 + 2-- 3 + 4 + 5. (II-4) 

This cross section is manifested by a large comparatively smooth 

structure centered about equal energy sharing on the kinematic band 

[Holm 69] . Analysis problems ensue when both mechanisms coexist 

. 16 12 . 
as m the O(a,2a) C(O.OO) at E = 25 MeV [Park 68], where the plots 

a 

demonstrate several sequential peaks, as well as broad structure lying 

under the sequential peaks. Alpha-:cluster removal in 
16o and 

20
Ne 

targets with the (p,pa) reaction atE = 46.8 MeV were also thought to be 
p 

dominated by sequential processes [ Eps 71]. This work is directed to 

a study of quasi-elastic processes, so a reasonably high alpha beam 

energy (90 MeV) from the 88-in. cyclotron was chosen in an effort to 

separate the sequential and quasi-elastic mechanisms. 
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C. Selection Rules 

·1. Total spin and isospin 

The following discussion of (a, 2a) selection rules assumes a one 
. . 

step process characteristic of a simple direct nuclear reaction mechanism. 

In the a knock-out picture the incident alpha particle strikes an alpha: 

cluster initially ·bound to a nuclear core. The results of the' collision 

are the rupt.uring of the. bound alpha-nucleus bond and the appearance ·of 

two· fast alpha particles in the exit chan_nel. For the one step assumption to 

be valid, it is necessary that the 'struck cluster be an alpha particle. If the bean1 

particle struck a correlated four particle group which was not an alpha 

particle and this cluster w·as released from the core with no other in-

teraction, the event could not be observed in this experiment. This is 
. . 

true since such a four particle correlation must correspo~d to an excited 

particle-unstable ·s-tate of the 
4

He nucleus which would decay by particle 

emission before reaching the detectors. More complicated reaction 

mechanisms may be proposed, but it ~ould seem difficult to test these 

hypotheses. 

Conservation of total angular momentum states that 

(II- 5) 

where Jt is the transferred angular momentum and Jf and Ji are the 

total nucle.ar spins for the final and initial states. For an even-even 

target nucleus' J. = 0, and if 1t is decomposed into a sum of intrinsic 
. 1 

spin (St) and orbital angular momentum a:t). then 

Jf = Lt + st = Lt (II-6) 

since the transferred alpha particle has intrinsic spin equal to zero. 

Thus, the final nuclear spin equals the transferred orbital angular 

momentum. 
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. . 

An equation for isospin transfer can be written analogous to II- 5. 
:, . I' . 

Since the isospin of the transferred alpha is zero, the reaction will 

populate only residual states whose isospin equals the target isospin. 

2. Parity 

·Parity is a conserved quantity in strong interactions [Bohr 69]. 

This implies that the total parity of the initial state must equal the total 

parity of. the final state. The total parity of a physical system includes 

intrinsic parities as well as relative motion parity. A statement of this 

conservation law is 

(II-7) 

where L 1s the angular momentum of the bound alpha with respect to 

the core. Assuming an even-even target and an incident a particle, 

TT. is positive. Thus 
1 

.. L · l 
lT = (-1) = (-1) f f . (II-8) 

by Eq. II:-6. Thus the one-step (a,2a) reaction populates only natural 

parity states. Unnatural parity states could appear in sequential reac-

tions. 

The 3+ state at 5.23 MeV in 
24

Mg was weakly excited in the 

28S"( 2 )24M . 4 - 20 1 a, a g reaction. However, the .97 MeV 2 level in Ne was 

. 24 20 
not. observed 1n Mg(a, 2a) Ne (see Sec. N). Unnatural parity states 

have been excited in inelastic alpha particle scattering, and explanations 

for the occurrence of these states have been given in terms of multi-step 

reaction processes [Reed 68, Eid 62]. It is encouraging from the 

(a, 2a) reaction theory point of view that unnatural parity states are 

weakly excited in the (a, 2a) process. 
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D. Kinematical.Effe~ts i~ Krw~k~Out Reactions 

· 1. Sensitivity to low momentum component~ 

Knock-out reaction~ at or near the quasi-free condition [Jac 71, 
. ' . 

Riou 70] are most sensitive to low momentum components of the nuclear 
. . 
. . 

wave function.· The arguments' are based on the impulse approximation, _ 
. ...-. . . ; .. . _. -. ·~ . 

which predicts that the initial bound alpha momentum (q) equals the re-

coil momentum (k ) in magnitude but is oppositE!ly directed, i.e. , 
5 

-+.'··· · ........ 
q = - k 5 . (II-9) 

The quasi-elastic geometry is ~rranged so that k 5 is small; so, by 

kinematic limitations'the range ~f q is.also sm~ll. Figure II-3 gives 
. . . 

a plot of the minimum q allowed at sym~etric ~ngles for the 

16o(a,2a)12c(O.O) reaction. The ma.Ximum. q is about 1 (fm)- 1 fo·r the 

symmetric angles· indicated~ 

2. Angular momentum transfer 

The preceding sectio~ has shown that the linear momentum trans-
. . . 

fer to the core is small. By;co~str'Uetin.g ~classical ~odel in which the 

interacti~n oc~urs on the nuclear surfac~ a prediction for the angular 

momentum transfer can be made. The model follows. 

Particle 1 with wave number k 1 is incident on the target nucleus 

with radius· R, and two emergent alphas are detected at 8
1 

and e
2 

with 

wave numbers k 3 and k
4 
.. In the symmetric case, wb,ere k

3 
= k4 

and. 8 1 = - e2 , the recoiling nucleus is collinear with the beam, and 

its wave number is k
5

. ·. In the lab system the conservation of angular 

momentum states: 

ki XR = k3XR + k4XR + k5XR. (II-10) 

By taking the syin;metric case (II-10) becomes 
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Fig. II-3. A plot of the minimum recoil momentum versus corre
lation angle. 



. -16~ 

(II-11) 
- . 

and L assumes non zer~ vafues a.s a function of the co~ relation angle. 

If R = 3.28 fm, then the product k
5

R (which is dimensionle-ss and 

_equals the number' of''angular mom~ntum units; L) has the range 
. . . 

~. .. ' ' o.o < k
5

R <. 3.6 (II-12) 

over. the correlatio'n angles extending from 42° to 19°. The conclusion 

is that the (a, .la) ~ ea~tion at ,·E :: 90-' MeV \i\rould f a;o r exCitation of low 
- . a 

angular rnomentum states~ -
.. , 

If the restriction to the symmetric case (where k
3 

= k 4 ) is removed, 

then the recoil mon1entum assun1es a large'r range for most angles 

studied in this experiment. For example the 
1
?o(a, 2a)

12
C(O.OO) reaction 

at 42° - 42° has recoil mOmentum in the range 0.0 < k · < 0. 90 (fm) -
1

, ' -· ' ·. 5 . . 

whereas in t~e syinmetric __ case (k
3 

= k 4 ) k
5 

= 0.00._ Moving away from 

the symmetric- cor:z:elation rn.eans -k
3 

=f k
4 

and the it
5 

is no longer · 

collinear with the beam axis. 

E. Derivation_of :lane_ Wl~.,V~ IOJplllse Approximation (PWIA) 

1. . General as SUl'Ilptions 

A general expression for a scattering cross section is [Rod 67] 

(II-13) 

The -quantity ljJ~+) is the exact solution for the scattering wave in the 

entranc~ channel, and . <j>f,· is the wave function describing free motion 

in the exit channel. The post form of the T-matrix is given here 

[ Tay 72] . If the total Hamiltonian is written 

· H = H + V = H' + V' 0 . 0 (II-14) 

where primes indicate the final channel, then 

__ I 
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= (H
0 

+ V) ~~+) = E.~~+) · 
1 1 1 

(II-15) 

In the present form of do-fi · it is the final state potential which accounts 

for the transition. The remaining factors are ":i the relative velocity 

in the entrance channel, and pf' (Ei) the phase space factor. A general 

expression-for the phase space factor which contains momentum and 

energy conservation is: 

Pf' (Ei} =i~j~::~)3N-3 6c~1 pi) b (E -j¥
1 
Ej) (II-16) 

[Rod 67]. Discussions of three body final states phase space factors 

exist in the literature [ Skj 64, Will 71] . 

The PWIA makes several extreme assumptions to evaluate (II-13): 

(i) Incoming and outgoing waves. are represented by plane waves. 

(ii) The target is decomposed into core + bound cluster system. 

(iii)The interaction is assumed to be a function of the relative 

coordinate between the incident particle and bound cluster. 

(iv) The interaction is assumed to be derivable from the free cluster -

cluster scattering cross sections. 

(v) No exchange terms are explicitly included, although use of 

free (a, a) scattering automatically includes projectile exchange 

effects [ Roos 68, Jac 65] . 

The derivation of PWIA from (II-13) is separated into two parts: first, 

the treatment of phase space; and second, the application of assump-

tions (i) - (v) in the evaluation of the transition matrix. 
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2. Phase space 

The notation of Fig. (II-1) is used in this section, and the quantity 

I M' I 2 . b 't•t t 'd f ·I ( ~f' I V' I ,J,l(.+)) I 2 . 1s su s 1 u e or 'I' 'I' . . The cros·s section for the 

(II-17) 

The delta function expressing morn~n~\lm conservation allows integration 
< • ' ·, • • • 

over the recoil (unobserved) .momentum. Performing this integration 

and substituting 

one finds 

d 3._p 2d dn = p p u (II-18) 

j 2 2 ' 
(cp3 ) d(cp3 ) (cp4 ) d(cp4 ) o (Ei -Ef) .. · 

. (II-19) 

The angular 'variables are subscripted with 1 and 2, and (II-19) mo-

mentum units are in MeV. 

The next step involves changing the momenta differentials of (II-19) 

to the energy differentials dE 3 and d (E3 + E 
4

). It is asserted that 

cp
3 

dp3 = E 3dE 3 · (II-20) 

This equality is shown by solving for the Jacobian (J) 

J = (II-21) 

where 

By using the relativistic relation between momentum and energy it is 

found that J = E 3/(cp3 ) and consequently 
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thus 

A similar argument shows that 

Making these 

= 

The differential 

where 

2n 
flv. 

1 

d(E 3 + E 4 ) is rewritten as: 

d(E
3 

+ E
4

) 

d(E3 + E4) = d(cp4) 

Ef = E3 + E4 + ES . 

(II-23) 

Substituting (II-23) into (II-22), using the energy delta function to inte-

grate over dE£, and dividing by dE 3 finishes the integrations and yields 

an expression for the triple differential cross section: 

(II-24) 

Using relativistic expressions, the differentials in (II-24) are solved: 

(II-25) 

and 



-20-

( : '·". 

So, the triple differential cross section becomes 

21T 
= flv. 

1 

I M I 2 J_----,..-,..-----( c_p_3_) _( c_'P_:4;.....l_E....:.3_E....;;;4_E __ 5~-_.:__ --_ --_- \ 

l (21T1lc) (cp4 E 5 +E 
4 

(cp4 + cp3 cos 8
12 

- cp1 cos e2 )] I 

(II-26) 

The bracketed quantity is the contribution of three body phase space to 

the triple differential cross section. ill the non-relativistic limit this 

expression -reduces to a non.., relativistic expres~:lon used in the litera-

ture [Mit 72] . Further comparisons between the relativistic and non-

relativistic phase space factors have shown the same shape along the 

T 
3 

axis using energies appropriate to the present experiment. 

3. Evaluation of I M I 2 

Evaluation of M follows the assumptions outlined in II. E.i. The 

PWIA has been studied in detail in the literature, and the description 

followed most closely here is that given by Y. Kudo [Kudo 65] and 

I. McCarthy [MeG 65] . 

The initial and final coordinate systems are given in Fig. II-4. 

Using assumptions (i).:..... (iii) and (v) the transition matrix element be-

comes: 

(II~27) 

·where 

= internal wave function of incident alpha 

= interrtal wave function of ejected cluster 

,.:.· 
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Fig. II-4. Coordinate system for the (a, 2a) reaction theory. 
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yR(sR}_ = residual nucleus' wave function 

yT(;2 s2; SR} = target nucleus' wave fuhction 

where 
p- = r-2 , :r = r-1 - r-2 • 

S~2 
is a spectroscopic factor, and IT equals target spin, IR equals 

residual nucleus' spin, L equals orbital angular momentum of a 2 

and MT' MR' and M are the co;responding 1z projections. Sub

stituting for 'r 
1 

and r
2 

in terms of p and r, and integrating over the 

internal coordl.nah!s the following separation is effected: 

... ...... ........ .~-..-+ ....... 
i(k -k }· r _ _f _ · 1(k -k -k_ }· p 

1 3 1-/ - - 1 3 4 -e V( ,r } dp e fNL(p) (II-28) 

/ 

where 

1/2 - I - M -fNL(p} = :E . Sa __ (IRLMRM ITMT} RNL(p) Y L (e, cj>) 
L,M 

(II-29} 

arid 
' _., ".' .,. . ' . . -

fNL(p} may be referred to as the form factor. 

The first integral of (II-28} is seen to depend only on the a-a relative 

coordinate and the momentum transferred from a to a by the incident 

particle. This integral is equivalent to the plane wave Born approxima.,. 

tion description of free a-a scattering, so 

i(k"
1

- "k3 ). r 2 
e V( /r/)l=a (T,e)· 

I Q!Q! -
(II-30) 

where a (T, e) =free a-a scattering differential cross section and 
- Q!Q! -

2 - 2 
IJ.aC = reduced a-a mass (MeV) =mac /2. The additional factors in 

- - I 

(II-30} are found in books dealing with two body scattering problems 
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[ Tob 61] . · The relation (II-30) provides a method for introducing free 

a-a scattering information and its use in II-28 is the impulse approxima-

tion. A future section will discuss this approximation in more detail. 

The second integral of (II-28) is the Fourier transform of the 

bound state ~ave function with respect to the recoil momentum: 

(II-31) 

..... ........ -+ _.. 
and k

5 
= k

1 
- k

3 
- k

4 
(in the lab frame). In the PWIA, f) is defined as 

the angle between the relative coordinate p and the z-axis, defined 

b h b d . · F o+ o+ · · h · y t e earn 1rect1on. or -+ trans1hons t e summation over 

Clebsch-Gordan coefficients in (II-29) yields unity. (In this case 

IR = L =IT = 0). For 0 + -+ 2 + transitions IR = L = 2 for even-even 

targets where IT = 0. The z -projection of L (M) is restricted to zero 

in the ~ymmetric case because of the orthogonality of the spherical 

harmonics (cf. integration in II-31). Thus M = M = M = 0 for even-. R T 

even target nuclei, the the Clebsch-Gordan coefficient yields the factor 

(2L+1) - 1/ 2 . 

Consider the non-symmetric case with T
3 

f= T
4 

but with 01 =- e2• - . In this case k 5 is no longer collinear with the z-axis and II-31 becomes: - J ik5p cos 0' . 2 
cj>NL(k5 ) = e f~L(p. 0, cj>) sm BdBdcj>p dp (II-32} 

-where (II-32) indicates dependence on B' , the angle between k
5 

and 

-p, as well as the arguments of fNL. Further, e• = e - f}R where 

eR is the recoil angle as measured from the z-axis. 

Non-symmetric effects can be treated by making a plane wave ex-
-+ -

pansion of 
ik5· p 

e - -ik . p 00 

. 5 4 e = 1T !: 
£=0 

£ 
~ 

m=-£ 

£ *m me )" ( ) i y ( e R, cj>R) y £ ( , cj> J J. k 5 p 
J. 

(II-33) 

II· 
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and substituting into (II-32~.- ·Using the notation that 'fNL(p; 8; cj>) 
.. . . ' . 

= Y~ (8, cj>)fNL (p) and the o:rthonormality of the spherical harmonics 

leads to 

.·. 

. (II-34) 

Equation (II-34)' indicates-that for the .non-symmetric case in which 
. - '. . ·. ·-.· ·. : .: . - ·.· . : .· -~-

L > 0 the substates of L. do (:ontribute to cj>t'H)k 5 ). This rt'!sult is 

contrasted with the discussion of the symmetric case foliowing equation 

(II-31 ). To make predictions for energy or momentum correlations for 

L -:/- 0 states it is necessary to include the M =f. 0 substates in the calcu

lation. This result is discussed in the literature [ Jac 7:1]. 

If the plane waves implicit in {ii-31) are replac~d by distorted waves, 

the DistC:,rted Wave Hnpulse Approximation (DWIA). is obtained .. The 

DWIA rriodel is 'discussed for (a; 2a) r-eactions [ Jac 6Sa]and more com

pletely for (p, 2p) reactions [ Jac 67, Lim 66, Li~ 64, Lim b4a]. The 

PWIA model would weigh the total nuclear vol.ume ~qually, and would 

predict no absorption or refraction effects. Optical model wave functions 

predict that two partiele coincidence events from a: three body final state 

should be more strongly localized in the nuclear surface tha~ a corre

spending two body experiment [Lim 62, M~C 62]. Thus the PWIA, 

which predicts no surface localization at all, is unrealistic. Insertion , 

of radial cut offs in plane wave calculations has often improved agree

ment with experiment: this was the case for the 6Li(a, 2a) reaction 

analy~ed with a cut off PWIA [ Wat 71] . The DWIA model should provide 

for surface localization effects. However, this model still assumes the 
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impulse approximation: i.e., the free a-a collision is described by the 

asymptotic kinematics and does not take into account the particle dynam-

ics near or in the nucleus. 

The work of Lim and McCarthy is directed at a (p, 2p) reaction 

model which specifically takes the core presence into account in an ex-

plicit three body theory. Their reaction theory is called the Distorted 

Wave T -Matrix Approximation (DWTA). The presence of the core re-

quires that the motion of incident and scattered particles be treated by 

distorted waves rather than plane waves. In this case Eq. (II-13) does 

not separate as shown in Eq. (II-28), but the interaction (V' of 

Eq. II-13) is still given by an on-shell model for the T-matrix lLim64a]. 

Physically, this means that the (p, p) collision that occurs within the nu-

cleus is not characterized by the asymptotic kinematical variables as 

assumed in the PWIA and the DWIA. Furthermore, since a third body 

is present, the (p, p) collision does not have to conserve momentum and 

energy. This is an off-energy shell effect, and the work of Lim and 

McCarthy indicated that lower energy (p, 2p) experiments could be sensi

tive to these effects. Some success was found in fitting the 
12

C(p, 2p) 

reaction atE = 50 MeV [Pugh 67]. The DWIA is obtained from the 
p 

DWTA by taking a delta function interaction and multiplying the re-

sultant quantity by the free (p-p) scattering [Lim 64a] . An (a, 2a) code 

similar to the DWTA is not available, hence (a, 2a) analyses have been 

restricted to various forms of the impulse approximation. 

The following section describes a theoretical treatment in which the 

plane waves of (II-31) are replaced by a parametrization of the optical 

model (distorted wave) wave functions. 
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F. Phenomenological Distorted Wave Impulse Approximation 

,Equation (II-31) can be extende5! t~the DWIA by r,eplacing the product 
· . ik5 • p · 

of three plane waves in1plicit in e by the product of three distorted 

waves: 

(II:.35) 

It has been suggested that distorted waves could be parametrized by an 

analytically more simple function than partial wave expansion [ McC 61] . 

The parametrization is based on analogies between nuclear scattering 

and classical optics as well as intuition concerning the absorption of 

beam particles by nuclear scattering centers [ Eisb 59, McC 59, McC 59a, 

Amos 66]. The McCarthy, Pursey, and Kromminga form for the param-

etrization is 

(+) __ i(~+i'v' )k-r . ... 
x (k,r) = e [ 1 + ae

1
<Po(kR-r)] (II-36) 

[McC 68]. This expression is a sum of two t~rms, the first being re-

lated to the scattering wave at the nuclear surface, and the second 

accounting for focus effects. 

The parameters ~ and y specify the surface term. The param-

eter ~ is r~lated to the real part of the optical model potential~ and is 

always > 1 if V is attractive (V < 0). Further, (3 may be defined in 

terms of local and asymptotic wave numbers: 

k = ~k i. a (II-3 7) 

where 

k 1 = local wave no. 

II 
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- ~ . 
ka = asymptotic wave no. -

112 
.E: 

The asymptotic energy is E and the real part of the optical model 

potential is V £. Using relations in (II-37) (3 is found to equal: 

p " ( E~Vl ) 1/2 . ··•·· .• (Il-38) 

Amos [Amos 66] gives a picture of an asymptotic wave encountering an 

attractive potential with the r_esultant increase of~ave num.ber. The 

parameter y is a damping factor which accounts for absorption. An 

expression for y has been given in the (p, 2p) literature [ Deu 68]: 

y "Rs{ (z;z) E~~} 1/2 (II-39) 

where W is the imaginary part of the optical model potential. 

The focus term is specified by three parameters - a the strength 

parameter and R and <1> which are the focus position and the phase dif-

ference between this position and the nuclear surface. McCarthy and 

Pursey [ McC 61] argued that the focusing is weak for (a, a 1
) scattering, 

but is ·strong for nucleon scattering [Krom 62]. The focus term has 

accordingly been neglected in the present treatment of the (a, 2a) reaction. 

The full parametrization has been used in theoretical treatments of the 

(p, 2p) reaction [ Deu 68, Chat 72]. 

Assuming that a = 0, an incident distorted wave becomes 

(+) 
. i(f3. + iy./k.R

5
)k'.·r 

- .... 1 1 1 1 X . (k. , r ) = N. e · 
1 1 1 

(II-40) 

where k. is the asymptotic wave number and y./k. Rs replaces y! for the 
1 1 1 1 

normalization of x(.+). The normalization N. is determined from the 
1 1 

lx+i 12 --condition that 1 at the nuclear surface, R
5

. With this con-

dition 
N. 

1 

-y. 
1 = e (II-41) 
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is found. Similarly an. exit distorted waye is: 

*( _) _ . -i(f3f + i'Y/kfRS)"k(-; 
Xf .. ~ Nfe (II-42) 

..... . ' . 
where kf is the asymptotic wave number in the exit channel._ The 

normalization parameter is determined 'as in the incident channel, and 

is found to be: 

(II-43) 

In applying these wave functions to the (a, 2a) reaction descdption the 

following parameter equ'alities are defined: 

(3. = 131 and· 'Y· = 'Y . a. = a 1 = 131 + i-y 1 
1 l 1, 1 

13f -· 133 = 134 and '~f = '~3 = "4; (ll-44) 

In principle there should be six parameters to treat the scattering waves; 

however, sirice the experiments emphasize the symmetric coplanar 

geometry the final state parameters are set equal. Hepce four par am-

eters are sufficient to characterize· the scattering waves. · 

. Substituting the paranietriz'ed distorted waves into (II-35), there-

sult for the momentum space wave function is: 

f
ig.p·· · .. 

= Ni~ e . fNL (p) cfp 
"' 

(II-45) 

where 

... 
Expression (II;.;.45) differs from the PWLA (II-31) in that s equals k 5 

which equals the recoil momentum in that theory. If f3{ = l3f = 1.0 and 

'Yi = 'Yf = 0 are inserted in the parametrized DWLA, the PWLA is found. 

Now the angle () is defined by (in the symmetric case): 
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f · P = I fl I r:1 cos < e>, (II...:46) 

since g is collinear with the incident bea·m direction, and the integration 

of (II-45) is slightly more complicated than the ·plane wave theory~ De-

tails of the evaluation are given in Appendix II. 

G. B~und State Radial Wave Flinction 

Before (II-45) can be integrated, the radial wave function (RNL(p)) 

appearing in fNL(p--) must t;>e specified. The R (p) are calculated in 
: NL 

,. 

a finite well assuming an S = 0, T = 0 particle. [code DWUCK, P. D. 

Ktmz, private communication]. The procedure adjusts the well depth 

binding the four particle cluster until the correct asymptotic behavior -

which is due to the separation energy - i.s matched. Th~ quantum num

bers N (number of radial nodes) and L (orbital angular· momen,tutn) 

must be specified for calculation of RNL(p). This is done by considering 

the conservation of energy within the harmonic oscillator shell model 

[Den66, Bed72] 

A A-4 
:E (2n. +i.) =·2N + L + :E (2nf + l.f) 

i=1. 1 1 f=i 
(II-4 7) 

and with the condition 

it is always possible to find N and L. Harmonic oscillator radial wave 

functions have also been u~ed in analysis [ McC 68]. The radial wave 

functions are normalized so that 

00 

j JRNL(p)J2dp=1.0 

0 

(II-48) 

Integral (II-45) has been solved by finding analytic expressions for L = 0 
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orbital angular momenta for the angular coordinates. Then the 

RNL(p) is read i:n:to ·the p~ogram externaily, and a ~um~rical integration 

is performed over the radial coordinate .. Equation (II-47) does not 

contain the internal quantum 'numbers n and 1 of the bound cluster, 

since the cluster is assumed to exist in the lowest oscillator state.· 

H. Off-shell Effects in Quasi-Free Scattering· 

1. Definitions and current status of "off the shell" scattering. 

Equation (II-30) t~xplicitly introduces the free s(:attering into the 

impulse approximation transition matrix. The procedure for inserting 

this inforn1atio_ri in a proper way is a subject of current research. One 

problem is that if an alpha particle is available within the nucleus for 

an a-a colli~ion, that alpha particle is not on the energy shell due to 

its core binding energy. This is seen from the 'definition of the T -matrix 

in terms of the s..:matrix [ Tay 72] : 

(p' JsJp > ={). (p; :.. p) -ZTTio(E , ·- E ) T (p;- p) ~ 
. 3 . p p (II-49) 

Thus the on-shell T -matrix, T (~- p) is 'defined orily for E' = E , and it 
p p 

is not justified in principle to use the on shell T -matrix, or equivalently 

the free a -a scattering. However,· inherent in the impulse approximation 

is that the off- shell effects are negligible. 

The study of off-shell effects in three body reactions with a massive 

residual nucleus is in a very early stage of development~ In this para

graph, an" off-shell" effect means that, for example, the p-p collision 

in a (p, Zp) reaction in the presence of a third body is not the s arne as 

the free 11 on-shell" p-p interaction. To extract off-shell information 

from such a three-body process, a good dynamical theory must exist. 

L 
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The DWTA of Lim and McCarthy [Lim 64, Lim 66] described briefly 

in Sec. III-E provides a (p, 2p) theory within the distorted wave frame

·work. They .have not included off-shell effects in the (p-p)"interaction, 

-but they have shown that at higher incident proton energies (155 MeV) the 

DWIA and DWTA make the sam~ theoretical predictions, and that they 

deviate as the incident proto'n energy is decreased. Unfortunately, as 

pointed out in Sec. III-E such a code is not available for the (a, 2a) 

reaction, and (a, 2a) analyses have been r~stricted to PWIA and DWIA. 

Upon making the impulse approximation, ambiguity arises concerning 

the choice of free a-a scattering cross section. This ambiguity concerns 

the postulat~d a-a collision kinematics J since the collision may actually 

occur at two different a-a center of mass energies .;. depending on 

whether the relative energy is calculated in the initial (T i) or final (T f) 

channel. This _is due to th~ bound alpha's momentum. Since the free 

a-et eros s section varies dramatically with energy and angle, the choice 

of relative energy in the i:rlitial or final a -a subsystem may have large 

effects on the choice of the free a-a cross section interpolated from Ci-a 

scattering data. This problem is often referred to as an 11 off-shell" 

effect in the (a, 2a) literature, and its nature should be distinguished 

from the off-shell discussion of the previous paragraph~ This ambiguity 

brought about by the kinematics is discussed in the remainder of this 

section. 

This cross section ambiguity has received considerable attention 

in the recent literature. Balashov and Meboniya [ Bal 68] have made 

6 7 9 12 16 
symmet:dc (a, 2a) calculations on Li, Li, Be, C and 0 target 

nuclei. They have shown that at E = 25 MeV the final state prescription 
a 
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(T f) for a._ci in~erpolation is ·prefer-red•. 'Their caJculations have been 

compared to the (a,2~) data of V~ K. Dolinov, et al. [Dol 69] taken on 

the 
6L· 7L· 9B d. 12c · 1 .. ··t. E -- 2·5 Me:tr. 1, · 1, e, an nuc e1 a · :v . . .. a 

. . - 6 
A French group studied the Li(a, 2a)d [Gail 70] reaction at 

E = 42.8 MeV.- At this energy a sharp. reshnar{ce (at 19.8 MeV in the 
a 

a-a c. Ill~ system) in the a-a free cro~s section" is identifi~d with a 

sharp structure in th~ (a; 2a). angular correlation. The PWIA theory 

utilized in their analysis gave the correct result only when the T f pre-

s c ri ptiori. .was use d. 
. . . -.- . 9 
Their measurements were extended to the Be and 

16 -. . -
0 targets [ Gui 71] and againinterpretation of their data favored the 

T f prescription. 

. 6 . -
Finally a systematic study of the Li (a, 2a) reaction at several in-

cident energies (E = 50.4, 59.0, 60.5,-70.3, and 79.6 MeV) was per-
a 

formed [Pugh 69, Wat 71]. In this work the "off the energy shell" 

CTaa(T, 8)was extracted from their data using the PY~IA. The Tf pre

scription for extracting CTaa(T, 8) gave the best agreement with the free 
-·-

a..:a scatte-ring data. 

Balashov and Meboniya [ Bal 68] ·suggested that the "method is 

formally unapplicable in the low energy range." However, they further 

suggest that the agreement found with the Tf method may not necessarily 

be accidental but that perhaps the quasi-elastic mechanism in this case 

is close to an a-pickup reaction which would lead to the intermediate 

8Be nucleus and a strong final state interaction. Meboniya [Meb 69] 

provides theoretical support for the Tf prescription.- A possible physical 
·• 

reason suggested for the validity of the T f prescription .is that the incident 

particle must release the bound particle before a free a -a collision could 

occur. 

.• 
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2. Derivation and discussion of Ti and Tf prescriptions 

The free a-a differential cross section, (] (T, 8) is a function of 
a a 

center of mass (c. m. ) energy T and c. m. angle e. Since a (T, B) 
a a 

varies rapidly as a function of these variables, it is necessary to 

interpolate a value of a (T, B) among the available free a-a data. The 
a a 

interpolation is on T - calculated either from the T i or T f prescriptions -

and on e. The a (T, B) are take n from the literature [Nils 56, Bred 59, 
a a 

Conz60, Tom 63, Darr 65]. Figure II-5 shows most of the a (T, (:)) 
a a 

used in the present calculation, and Appendix III gives an explicit sum-

mary of the a (T, B) cross sections. 
a a 

The non- relativistic kinematics for finding T i and T f as well as 

e necessary for interpolating in a (T, B) are now derived. The relative 
a a 

momentum between particle i and j with masses m. and m. is: 
1 J 

1 - -(m.p. - m.p .) 
J 1 1 J 

(II-50) 
m. +m. 

1 J 

For the relative a-a momentum in the incident channel m. = m. = m and 
1 J 

pi = p 1 = incident beam mom e ntun1. The impuls e approximation re-

quires that the momentum of the bound alpha equal -p5. Thus p. equals 
J 

-p
5 

and the relative a-a momentum in the incident channel is 

- 1,.... -P· = 2 (pi + p5) . 1nc 

The non-relativistic c. m. incident energy is then 

where 

T. = 
1 

1 - -Pine' Pine 
21-Laa 

m 
a 

f.l.aa = -2-

The final state relative a-a momentum is 

- 1 - -Pout = 2 (p3 - P4) 

(II- 51) 

(II-52) 

(II- 53) 
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Fig. II-5. Three dimensional plot for most of the free a-a scattering 
data used in the impulse approximation c alculation. 
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. 
J" 

_,. _,. _,. _,. 
where pi = p 3 and pj = p 4 in Eq. (II-48). 

·' 

Similarly the non-relativistic c. m. final energy is 

T = f 
I Pout' Pout I 

2jJ. C:l'a 
(II- 54) 

The c. m. scattering angle is the angle between pine and pout· 

By making x-y projections of the vectors p. and p t the following 1nc ou · 

angular relations are found: 

e. 
1nc 

= arc tan (II-55) 

and 

[(p3 + p4) sine 

J e = arc tan 
(p3 - p4) cos e (II-56) 

out 

and 
e = e - e (II-57) 

c. m. out inc 

All the kinematical relations given in this section w ere c ompared with 

relativistic expressions, and only slight differences were found in re-

sults appropriate to the 90 M eV (a, 2a) experim e nt. 

Some interpolation examples using the Ti and Tf prescriptions will 

be given in the discussion. The (J (T, e) interpolations for the energy 
a a 

correlations do not vary nearly as much as the interpolated (J (T, tl) for 
a a 

the angular correlations. The reason is that T i, T f' and e attain a 

larger range of values in the angular correlation, and therefore the 

(J aa(T, B) are varying more rapidly. This leads to the conclusion 

[ Gui 71] that the angular correlation is a more sensitive test of these 

off shell effects than the energy c orrelation. 
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III. Equipment and Analysis 

A. Cyclotron, Beam Optics, and Scattering Chan1ber 

1. Cyclotron and choice of bea~ energy 

The experiments were performed with a 90 MeV alpha beam gene

rated by the 88-inch cyclotron. In the theory section it was seen that 

competition between sequential and direct reaction mechanisms may 

cause analysis difficulties. However, one may hope that sequential 

reactions having large ground state a-decay widths are largely limited 

to those kinematic regions where reasonably sharp energy levels in the 

intermediate nucleus exist. However, the quasi-elastic or direct 

knock-out mechanism is characterized by approximately equal energy 

sharing in the two emitted alpha particles. Thus the two mechanisms 

can be separated in the T 3 -T 4 energy plane by increasing the incident 

beam energy. Since moderately sharp levels up to 20 MeV excitation 

in light nuclei are observed, and realizing that a- separation energies 

are about 10 MeV in light nuclei, an incident energy equal to 90 MeV was 

adequate to effect separation of quasi-elastic and sequential events. 

It may s e em advantageous to use a still higher e nergy beam. This 

was not pursued for several reasons. First, the simplest quasi-elastic 

theory would predict the (a, 2a) cross section to fall as the incident en

ergy increases. Since the cross sections were expected to be small, 

it s e emed unwist ~ to follow a course whi c h n1ight n·sult in yvt sn1a1ler 

cross sections " Moreover, operation of the c yclotron at the requir e d 

beam intensity is e asier and more stable at 90 M eV than at higher en

ergies. Furthermore, available and reliable 3mm lithium drifted Si 

detectors were sufficient to stop elastically scattered particles at 

I 

L 
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E = 90 MeV. The cyclotron and beam transport system used in these 
a 

experiments is summarized in Fig. III-1. 

2. Beam optics 

After extraction, the beam was defined radially by a 1'' collimator, 

and the diverging beam was immediately focussed to a one inch square 

with a quadruple doublet. (The optics system is given in Fig. III-1.) 

The beam was then transmitted to the high resolution beam line 

r Hin 69] via a zoo bend in the switching magnet. A second quadruple 

doublet provided a radial focus at the source slit of the magnetic beam 

analyzing system. Two 110° flat field, edge focusing bending magnets 

composed the beam analysis system. The first magnet (M41) provided 

an energy dispersed image to the second slits, which then permitted 

a selected energy to pass. The second magnet (M42) then acted as a 

clean-up magnet, eliminating the slit scattered particles. With the 

source and image slits at 0.020 in., the beam resolution was 0.02% of 

the beam energy. To increase beam transmission efficiency the slits 

were opened to 0.080" for the (a, 2a) experiments. This configuration 

yielded a beam resolution of 72 keY with beam intensities that ranged 

from 100-500 nA in the 36" scattering chamber. The magnetic analysis 

system also provided an absolute beam energy from a calibration ob

tained by scattering molecular hydrogen ion beams on 
12c, observing 

the T = 3/2, 14.232 MeV resonance in 
13

N [Bach 71] . This calibration 

yielded energies of 90.33, 89.54, and 90.09 MeV energies for the experi-

menta reported here. Provided the analyzing magnets were stable, the · 

experiment should be free of beam energy changes. The magnetic fields 

were continually monitored by an NMR probe, and no shifts in the NMR 
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were obs e rved during data taking runs. The beam was finally switche d 

to Cave 4A with the M43 switching magnet. 

Two solutions [ Meri 70] have been calculated for beam 'trans-

mission from M42 to the 36 in. scattering chamber. One was a strongly 

converging beam with a radial magnification of 0. 5. This solution gave 

a very good radial focus ( < 1 mm) but apparently allowed part of the 

beam to strike the beam pipe as very asymmetric counting rates were 

observed. The second solution has a radial magnification of 2.0, and 

provided a more paralle l b e am transport to the targe t. The c onve rg e n ce 

angle at the target was 0. 5° with this solution, and a beam spot of approx -

imately 2 mm X 4 rnm was typically obtained. No asymmetri c counting 

problems were e ncountered with this solution. 

3. Scattering chamber 

The experiment was done in the 36 11 scattering chamber (Fig . III-2) . 

The scattering chamber was equipped with a remotely controlled rotating 

table which provided one independent e motion. In orde r to measure a 

symmetric coplanar angular correlation a second independent _ e-motion 

c ounte r mount was installed in the beam - table c ounte r plane . The 

angular positioning of each counter could be reproduced to an accurac y 

of± 0.2°. The total angular range available from the second d e tecto r 

was approximately 100°. A remotely controlled target ladder was also 

available, and is visible in Fig. III-2 holding the Al2o 3 scintillator which 

was used for visually focussing the beam at the target position. The 

counter mounts accommodated Si(P) transmission and Si(Li) stopping 

detectors, and these were cooled to -24°C by the~moelectric devices. 

Table III-1 summarizes · the geometries used in these experiments; set 
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Fig. III-2. Scattering chamber partially as sembled for (a, 2a) experiment. 
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Table III-1. Geometries for coincidence detectors 

CTR 

1 
2 

1 
2 

Solid angle 
(msr) 

4. 70 
4.60 

1.40 
1.46 

Radii 
(in. ) 

1.69 
1.66 

3.09 
2.94 

Angular radial 
acceptance ( 0 ) 

2.11 
1.96 

1.15 
1.09 

Angular ye rtic.al 
acceptance ( o ) 

± 3. 73 
± 3. 73 

±2.09 
± 2.09 
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A was used for most measur.enients, while set B was used for small 

scattering angle work in the 
16o, 12c (a, 2a) reactions. 

Accurate beam centering on the target is crucial in experiments 

with large solid angles a~d counters at small radii. Counters, targets, 

and a split Faraday cup were carefully aligned with a transit before each 

experiment. The coincidence detectors also aCt as a beam centering 

monitor, i.e., since they are symmetric in angle and have virtually the 

same solid angles and angular acceptances, the two count rates should 

be nearly equal. This criterion was used as a check in ensuring that 

the beam was centered. If the beam were one beam width off center. 

(...., 2.0 mm), an error of approximately two degrees in scattering angle 

for one detector would be introduced. Figure III-3 illustrates the prob-

lem. For a constant error in beam centering (.b. S) it is seen that the 

error was a function of the scattering angle e. The angle 8' is the 

actual angle of scattering with the displacement .b.S. In the notation of 

Fig. III-3 

e =arctan ( ~) and 8' =arctan ( S +.t L:;S) 

and the per cent error is given by 

% error" [O' ;/ J X 100 

(III-1) 

(III-2) 

and grows as e becomes smaller. For two detectors the errors add, 

so sizeable angular errors can occur with relatively small beam-de-

tector misalignments. 

It was found that the split Faraday cup was extremely sensitive to 

beam position shifts on target. The Faraday cup rarely indicated position 

shifts, and beam-detector alignment was well controlled and monitored. 

... 
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0/o error = 18'- 91 X 100 
8 

XBL 7210-5827 

Fig. Ul-3. Figure exhibiting beam centering sensitivities in 
the (a,2a) experiment. 
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The influence of finite beam spot size oil scattering angle uncertainty is 

discussed in a later section. 

B. 
' ' '.,_ .· . 

Defectors, Electronics,·. and On-'line Computer 

1. Detectors 

Scattered particle energies were measured with a Si D.E-E telescope. 

The trans~issi~n detectors 'were Z50 ,.un phosphorous-diffused Side-

tectors; these operated at 200 ~bias. For calibration purposes it was 

necessary to stop elastically scattered beam particles, so 3 mm.lithium 

drifted Si detectors were chosen as the stopping counters: they operated 

at 400 v bias. All co'unters USyd in th~se e~periments were prepared 

by the LBL detector lab. The detectors were cooled to -24"C, and at 

this temperature the detectors exhibited very little leakage current. 
I . 

The properties of ·solid state detectors for use 'in nuclear physics have 

been reviewed [ Gou 66, TMC 65]. Thin Al foils (1.5 mg/ cm
2

) were 
. . ' ' 

used for electron suppression; one of these suppressors can be seen 

in place in Fig. III-2. 

2~ Electxonics 

A detailed block diagram ~f the ~lectronics used in this experiment 

is given in Fig. III-4. The electronics system: was composed of a fast 

coincidence part with inherent time resolution considerably less than. 

the cyclotron period which was approximately 100 ns, and a slow part 

for handling analog signals and particle dis crimination. Electronics 

for only one slow counter system is illustrated. ·Both the slow and fast 

logic employed is. similar to that used by J. Moss f Moss 69) in a 

(p, p 'y) experiment. The maximurn singles counting rate in these ex-

periments was limited to 15,000 cps. 
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a. Slow·e+ectrotiics 
.. 

Signals from the solid state detectors were fed into charge sen.sitive 
. . 

preamplifiers 'Whi~h were located in the scatteringchamber. The pre-

a~p;s were water cooled _to ~aintain temperature stability. To discrim

inate against pileup at high count rates; a high ratelinear a~plifying 

system was.used [Gou 67]. The linear amplifiers were fed by the pre

amp signals from the sc-atter chamber. An integrating time of 3 IJ.S 

was used for the analog output, while a fast linear output was provided 

by a differentiated signal.-. The latt~l' signal was used in the fast circuit; 

as well as strobing the pileup r~j~ctor (PUR). The PUR had a 5 IJ.S in

spect time, during which period a second pulse following the first was 

rejected while the fir's't pulse was processed. If two pulses came within 

' . 
a 2 IJ.S period, both were rejected. Treating this 7 IJ.S as a dead time it 

is seen that each counting system would contrib.ute about 10% dead time 

at 15~o·oo cps. ·(Dead time 
-Rr . . · . · . 

- (1 - e · J where R equals the count rate 

and 'T the resolving time. ) 
.. 

Each slow counting system was logically independent until the main 

coincidence. The l:lE-E counting system was run in a discriminating 

manner; i.e. , logic was performed on the 6.E signal to permit only 

Z = 2 particles to pass the first slow coincidence. This method is pos

sible for two reasons: first, at the energies of interest the energy loss 

by Z= 1 and Z= 2. particles in a 250 jJ.Illl:lE detector differ by at least 

a factor of two; and second, the (a, a 
3

He) competing reaction has a 

much more negative Q-value than the (a, 2a) reaction fbr all targets 

studied. 
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Figure III-5 presents .D..E spectra with different levels of logic in 

the slow coincidence. (These spectra were taken out of the first linear 

gate in a slow counting system. ) Note that the top system with all co

i,nddences out has events down to zero energy. The large bump in chan-

nel 20 was interpreted as low energy protons .. ·• A small peak at channel 

72 was assumed to be the elastic a-group; pulser calibration indicates 

this was the correct assignment. The middle spectrum shows dramatic 

improvement with the inclusion of the. PUR in the slow coincid.ence. 

The peak-to ~·background improved from about 4/3 to 4/1. Also the PUR 

discriminator has eliminated all pulses less than channel 16. The bot-

tom spectrum shows results in the running configuration with both the 

SCA and PUR in the first slow coincidence. The elastic a scattering 

peak is apparent in the bottom two figures. 

Further logic was accomplished by putting a 3 MeV lower SCA and 

PUR requirement on the stopping detector. Another lower discriminator 

of about 20 MeV on the summed (.D..E + E) energy ·signal was used to elim

. inate unnecessary count rate. ;.The. slow coincidence output from the 

Etot SCA' s provided the input to the ma:ln gate from the slow counting 

systems. The third input was the valid output from the time -to-ampli-

tude converter (TAC) in the fast electronics. If all requirements were 

met, the main gate sent a logic signal to the coincidence input of the 

multiplexer - ADC [Rob 68] , and the computer was interrupted. 

b. Fast electronics 

In the ideal coinddence experiment, from the chance problem point 

of view, there would be one beam particle per electronic resolving time. 

The:n the measurement of two particles in coincidence would be an 
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unambiguous true event. This experimental situatibn was impractical; 

however, it does point out the necessity of maintaining good time reso-

lution. In a cyclotron experiment, the inherent time resolutions of 

fast electronics permits the ready separation of reaction particles 
. . 

coming from different beam bursts. The 90 MeV a..::beam at the 88-in. 

cyclotron is in resonance at approximately 10.5 MHz: this implies 

approximately one beam burst/100 ns. The fast plus slow coincidence 

system gave a time resolution of 8-9 ns, so events from different beam 

bursts were readily resolved. 

One experiment revealed a true + chance time peak that had a 

sharper peak superimposed on a broader peak, the broad peak being 

characteristic of the adjacent chance peaks. The chance peaks had a 

FWHM equal to 7.0 ns; and the true peak FWHM equalled 6.0 ns. The 

latter was obtained by subtracting a chance peak from the true + chance 

peak, and then extracting the FWHM. The true peak FWHM should be 

independent of beam burst width; thus 6 ns reflects electronic and de-

te'ctor contributions to the time resolution. The time of flight difference 

for the most and least energetic alpha particles was 0.5 ns, so time of 

flight was not a large factor. Assuming that the only other contributor 

to chance peak time resolution was the beam pulse duration, and making 

the further assumption that the widths can be added in quadrature, a 

beam pulse width of 3. 6 ns was derived. Since the velocity of a 90 MEN 

alpha particle is g.21c, the beam pulse length was approximately 23 em. 

The bottom section of Fig. III-4 summarizes the fast components. 

The fast output pulses from the ~E linear amplifiers were of positive 

polarity with 1250 'impedance. These signals were inv.erted and matched 
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to son, the input requirements of the EG&G dual updating discriminator. 

To minimize the fast rise time variations, the signals were fed into a 
. . . 

X100 1 ns rise time DC amplifier. A delay line of approximately 175 ns 

was used to delay CTR 2 with respect to CTR 1. 'The discriminator 

setup is described in the following paragraph.· The negative polarity·. 

fast discriminator outp~t then fed a TAC, wh~ch made a slow signal 
': . ! . . . 

proportional to the time co·rrel~tion of the detected particles. If two 

signals met the timing requirement imposed by the TAC, a valid output 

was obtained. This signal was the third coincidence input of the main 

gate. 

Experimenta~ beam time required to setup a coincidence experiment 

with a TAC is minimal. To set the discriminator levels rapidly, a 

scaled down RF signal was used as a TAC stop signal. In this fashion, 

no true particle coincidence was actually required, ·and any scattered 

particle which met all requirements (except coincidence with another 

particle) gave a TAC signal. · Time resolution' as a function of dis crim-

inator level or other parameters was thus rapidly acquired. Figure 

III-6 provides TAC spectra with a 3oo ns scan time obtained in run setup. 

The top TAC spectrum was gated only by the fast valid output; the reso-

lution was 23.8 ns. The bottom spectrum shows the effects of the slow 

logic requirements as well as the fast (i.e. only Z = 2 particles are re

corded). The slow requirements eliminated background between the 

peaks, 'and improved the resolution· by almost a factor of three. These 

spectra were obtained in one or two minutes running time. 

After both counting systems had been individually adjusted, CTR 1 

provided the start signal and CTR 2 the TAC stop. Figure III-7 
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TAC SPECTRA- RF STOP 
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XBL 726-1073 

Fig. III-6. TAC spectra with cyclotron RF stop. The 
top spectrum has only a fast requiren1ent, while 
the bottom spectrum has fast plus slow logic 
requirements. 
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TAC SPECTRA~ 6 .· STOP 
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Fig. lll-7.- TAC spectra with counter one start anJ counter two 
stop. The logic requirements are as given in Fig. III- 6. 
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illustrates TAC spectra obtained in this way. The scan time was 1 f-Ls; 

so nine peaks corresponding to nine beam bursts with different time 

relations were obtained. Time -to -amplitude spectra with fast and 

fast + slow requirements are given,· as in Fig. III-6. Again it was 

seen that the slow requirements caus~d a considerable resolution 

improvement as well as background reduction. Thirty minutes were 

required to accumulate the bottom spectrum in Fig. III- 7, so the value 

in time saving by using an RF scaledown pulse as TAC stop signal for 

setup purposes is apparent. 

3. On-line computer 

Figure III-4 shows three pieces of analog data and three pieces of 

logic data input to the multiplexer - ADC. · The analog data were the 

two energy signals of the scattered particles and the third was the TAG 

signal. These data were digitized and eventually written on magnetic 

tape. One logic signal was the main coincidence output. The remaining 

two logic signals were SCA outputs set on the true + chance and chance 

peak in the TAC spectrum. These latter signals were for display logic 

only, and did not affect or enter into the storing process of the three 

parameter data. 

The computer outputs information to four devices. First a back-

ground display subprogram continually (except when interrupted) moni-

tored the development of five spectra which were stored in display buf-

fer areas. Second, the computer dumped the data buffer to magnetic 

tape when this buffer was full. Third, the number of coincident events 

stored was sent to a scaler and the beam integrator was gated by the 

computer. Fourth, a 64X 64 energy array gated by the true + chance 
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peak was s~nt to the memory of a 4096 channel devi.ce. This last 

monitor was extremely useful for monitoring the progress of the experi-

. .· 
ment, as well as giving an approximate idea of the statistics in a kine-

matic band. 

A flow diagram [Dec 68] of the PDP.-5 on line program is given in 
. . ' . . 

Fig •. III-8. The heavy arrows indicate the direction of digitized infor-

mation flow~ The parenthetical numbers given in this path provide the 
. . . . 

number of PDP-5 instructions contained in the given s~broutine. The 

. total number is 159, and if the average cycle time of a PDP-5 instruc-
. ' 

tion was assumed to be 12 tJ.S, the computer took about 1.9 ms to digest· 

one event. This rather long dead time was not ~problem because the 

' . .. • c -1 
number of main gates was usually 5 or 10 (sec) . For only the light 

target nucle.i did the computer dead time become gre<~.ter than'1 o/o .• 

Several facts made the use of an on-line computer essential or at 

le·ast highly desirable. Appi-oximately 200.-300 keV ene'~gy resolution 

was obtainable, and it was necessary to store i:rifor~ation fro~ 20 MeV 
' ' ' 

' . ·. . 
to 90 MeV singles energy; thus; for one detector at least a 1000 channel 

. ·. ' . 

memory would be required. si~ce there are two counters and it was of 

primary interest to maintain a knowledge of correlations in the coin-

6 
cident events,. a minimum storage space of 1000X 1000 or 10 memory 

locations was required. This far exceeds the largest available analyzers. 

Because the data wa~ stored event-by-event, i:riformation concerning 

the actual time of data taking was obtained. This was useful since the 

data tape can be corrected or edited for gain shifts or other experi-

mental problems after completion of the experiment. Other reasons in

cluded the flexibility of storing true + chance and chance i:riformation 

simultaneously, and also tagging the energy i:riformation with other logic. 
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c.. Targets 

A summary of targets is given in Table III-2. Most of the targets 

were prepared by evap~ratlon of isotopic material using an electron 

gun. ·The e4ceptions were 
12c which was prepared frorri' a suspension 

12 . . . . . 16. ·. . . 
of G m an orgamc solution; and the 0 target which was. obtained by. 

pas sing oxygen slowly over a thin ~H foil placed in a muffle· furnace at 

a temperature of 700° -800°C. All targets except
30

si were circular, 

3/4i~. diameter; 
30

Si wa~ oval'shaped approxi~ately i" by 3/4" .' 

They were 'mour1ted on aluminum frames machined to fit the 36" scat-

tering chamber target ladder. 

It was necessary to determine target thicknesses accurately since 

absolute experimental cross section ·directly reflected this· error. 

Whenever possible two techniques were utilized to find the target thick

ness. First, the energy loss of 8. 78 MeV a's in the t~rget material was 

measured; 
2 . . . . . ·. 

and second, 1 em of target material was weighed on a 
. . , . . . : ~ . 

micro-gram balartce~ The two techniques did yield consistent results, 

and the target-thickness errors listed in Table III-2 wer.e estimated on . .. 

the results of the two techniques. The Ca targets were handledin an Ar 

atmosphere, and they appeared metallic after bon1bardment. Pressures 

in the 36 in. scatter chamber were 10-
5 - 10-

6 
Torr. Table III-2 lists 

the targets, their isotopic purity, the methods of determining target 

thicknesses, and finally the derived target thickness. If two techniques 

were not used in a determination, .an error of 15 o/o in the one value was 

assigned. This seemed reasonable based on the experience gained in 

-
measuring other targets by dual techniques. 

" -
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D. Factors Affecting Energy and Recoil ·Momentum .Resolution 

1. Energy resolution 

Energy resolution 'factor~ in a complete three body experiment are 

similar to the two body ~ase, -:with a few excepti():ns. The most striking 

difference is that d(T 3 '+ T 4 )Jd8 derived from the three-body kine

matics i~ smallEir than the dT/d8 in the two body case. If this were not 

true, it would be very difficult to do a good resolution three body experi

ment. The three· body d(T 3 + T 
4

)/d8 is a strong function of target 
. . . 

mass and scatterfng angle, and in the case of the quasi-elastic angle 

(no recoil energy) d(T 3 + T 4 )/d8 = 0 for point detectors. A plot of 

summed kinetic energies vs. 8 is given in Fig._ III-9. The quantity 

d(T 3 + T 4)/d8 is derived from such a plot. Angles typically studied are 

indicated; the vertical lines show the range of scattering angle due to 

finite angular detector acceptances. 

A .rather large loss of (a, 2a) energy resolution at E · = 90 MeV can 
a 

come from the target if its thickness is not 'optimized. If an (a, 2a) event 

occurred· on the target's back edge,_ the energy los~ is that characterized 

by a single 90 MeV a particle passing through the target. This energy 

loss is given by 

~E = t(dE) 
i dx 90 MeV 

(III- 3) 

However, if the reaction occurred on the front face, the energy loss is· 

characterized by two alphas having -Ea::::: 40 MeV. In addition, the 40 MeV 

particles penetrate more target material 'since the scattering angle was 

·always unequal to zero. In this case 

~ = 2 (-t -)--(~) ' ·. 
· 2 cos 8 _ dx 40 MeV 

(III-4) 

. -
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Fig. III-9. Kine~matic plot of summed energy versus correlation 
angle. 
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The possible energy difference at these extremes is then, 

.!::,. __ E =··L.E_ 2 - 6.E = t [-2 -1 . cos e 

. . 

( dE) . _ (dE \ ] (III_ 5) 
dx 40 MeV \dx j 90.MeV 

and contributes to the energy resolution. Figure III-10 summarizes 

this situation. For lighter targets a thickness of 500 p.gm/ em 
2 

seemed 

prudent. Fo'r heavier targets the thicknesses could be increased in 

proportion to A/Zt without changingthe energy ioss. 

Figure III-11 pro~ides a sum~ary of factor~ contributing to the 

. . . 26 
energy resolution for the symmetric Mg(a, 2a) case. 'Fhe finite 

geometry curve is the kinematical co~tr1buti~n to energy resolution 

arising from the finite acceptances. These are treated in detail in the 

next section.- This contribution was a strong function of angle, and is 

seen to have a non-zero minimum ~t the quasi-elastic angle (4P). It· 

would be zero at this angle for point apertures. _ The contributiori from 

target thickness increases with angle. The remaining contributions 

were not functions of angle and were familiar from two body experi

ments. The straggling 'contribution was dominated by the Al e sup

pressors, which were 1.5 tng/cm.
2 

thick. 

The total predicted energy resolution was obt_ained by adding the 

components in quadrature, and is given by a solid line in Fig. III-11. The 

experimental results leading to the 
22

Ne (g. s.) are giveri as squares in 

the figure. The prediction qualitatively fits the experimental shape, al-

though there is a disagreement of approximately 20 keVin the normaliza-

tion, and the 41° point is unexpectedly high. This may be due to com-

paratively poor statistics in the 41° data. The normalization problem 

may be due to the folding procedure, an underestimate of effects out-

lined in Fig. III-11, or ~he neglect of non-coplanar factors. 

• . 
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. Back edge reaction 

90 MeVa 

T 
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-------.~-------~ 

40 MeV a 

· Front edge reaction 

90 MeV a 

"T 
t 

------~--~--~------ ~ 

40 MeV a 

XBL7211-4434 
Fig. III..,.10. Target resolution effects in the (a, 2a) reaction. 
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ENERGY RESOLUTION ANALYSIS OF u~(ot.,2o<) 22 Ne (o.o) 
- - - - EL.E:C.TRON I C + DETE-CTOR NOISE- -

. ! . 

25 
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XBL 7:27 ·.133.3 

Fig. III-11. Analysis of energy resolution in the 
26Mg(a~ 2a)22Ne(O.O) reaction. . 



·; 
'} l~ .. i •.,}'1 c.j ·~J ,,J .. 

~/ t/ ' J ;; 

-63-

2. Recoil Momentum Resolution 

The large angular uncertainties resulted in the acceptance of a 

recoil momentum range at a given angular setting. It has been pointed 

out that [ Gott 70] these uncertainties also cause a shift away from the 

nominal recoil momentum, particularly near the quasi-elastic angle. 

Table III-3. summarizes the angular uncertainty origins. These three 

contributions were folded by use of the convolution integral [Moss 66] 

+oo 

p(t) ::: 1· O(x) X (t-x) dx 

-00 

(III-(>) 

The resultant peak is approximately Gaussian in shape and has a FWHM 

of 2.80°. Given this angularun.certainty, the error in the recoil mo-

mentum may be obtained from three body kinematics by solving the 

·kinematic equations for q (recoil momentum) at the limits of the angular 

acceptances~ 

. Figure III-12 gives the results of the angular convolution. The t-

axis is proportional to angle uncertainty, and the distributions X(t-x) 

correspond to the 2.0° uncertainties. The function O(x) is the 0,5° error 

due to beam convergence. The p(t) is the intermediate convolution of 

8(x) and X(t-x), while f(t) is the final result. All functions have been 

normalized to unity. It is wort?while to do this careful analysis in order 

to derive the error due to finite geometries in the variable q. This 1s 

necessary since the triple differential cross section is often plotted 

versus this variable (momentum correlation), and also this analysis 

permits the averaging of theoretically derived quantities over the radial 

angular acceptances. These procedures are followed in the (a, Za) data 

analy s:ls. 
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XBL 727-1266 

Fig. III-12. Folding procedure for determining 
total radial angular uncertainty in the (a, 2a) 
experiment. 
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Table III-3. Origins of radial angular uncertainties. 

Origin 

Detector angular 
acceptance 

Finite beam spot 

Beam convergence at 
target 

Angular Uncertainty 

2.0 

2.0 

0.5 

Distribution 

Rectangular 

Rectangular 

Rectangular 
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The finite detector size also introduces non-coplanar effects in 

·recoil momentum resolution. Nuclear structure information is obtain-. 
. . . 

able from the non-coplanar (p, 2p) reaction [ Jac 67a] , and these ideas 

have been extended to examination of non-coplanar effects in coplanar 

quasi~elastic scattering ( Elt 67]. The ·most signl.ficant non-coplanar 

influence occurred near q = b for L # 0 transitions in the angular 

correlations. The PWIA' predicts a stro~g minimum in such a case, 

and experiments have always shown a less pronounced minimum. ·In

clusion of distortion effects tends to fill in the minimum, and Elton and 

Jackson [ Elt 67] have shown that non-coplanar effects in DWIA calcu-

lations also raise the minimum towards experimental agreement. Non-

coplanar effects have not been included in the (a, 2a) theoretical calcula-

tions since these were done only for L = 0 transfers. The L = 2 (a, 2a) 

data have shown very little indication of minima at q = 0.00 in the angular 

correlation, and this suggests that distortions and/or non-coplanar ef-

fects were dominant. Much more experimental investigation in coplanar 
. . 

and non-coplanar configurations is needed to unravel these problems. 

E. Data and Error Analysis 

1. Singles data 

The acquisition of singles data allowed energy calibration as well. 

as providing a check on the chance background observed in the true + 

chance coincidence array. Figure III-13 shows 
12

c(a, a') spectra taken 

in one experiment. Calibration of these spectra based on the known 

12 . 
C states establishes the T 3 scale in the T 3 + T 4 vs. T 

3 
coincidence 

plot. Several targets ·were used in acquiring singles data, thus leading 

to a better determination in the T 3 calibration. The singles data 
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Singles spectra - Ctr. I 444 ~OO 
E0 •25.7MeV '2C(a,a') .h .1\ 
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I · · ... ''lf'l(~' ~ 1 I\\ I \!6

1.1 1.1 

I ~ l·~~ 
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81· 35• 
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.-.Sll"/lr 4~ Ht 

Fig. 1¥-13. Singles spectra obtained from the 
C target. 
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. indicated that the lower energy cut off error m T
3 

was approximately 

±- 1. 50 MeV. This interpretation was consistent with pulse~ calibrations 

as well as with extrapolations 1n the T 
3

. + T 
4 
spect~a .. The T 

3 
calibra

tion is found in Appendixes IV and V, where the coincidence data are 

summarized. 

2. Coincidence data analysis 

Every stored. event was characterized by three parameters: two 

energy signals (T 3 and T 4 ) ~rid the TAC sign~l. This information was 
. . 

written in binary mode by the PDP-5 on' IBM magnetic tape. After com-

pletion of the experiment, these tapes' were analyzed on a CDC 6600 com-

puter. The first level ofanalysis was to use the program TAC, which 

reconstructs TAC spectra from the data tapes .. Plots and print.:.out of 

these spectra enabled extraction of logical gate's which characterized 

the true + chan~e and chance peaks. This information was then supplied 

to the program 'TWODI, which then s~anned th~ d~ta- tapes, storing those 

energy events which satisfied the TAC logic in appropriate .buffer areas .. 

The analysis' program was flexible in that only the kinematic regions 

which were appropriate for the reaction Q-values were printed and 

plotted. This truncation was appropriate because only a small part of. 

the complete untruncated energy array (2048 X 2048) contains the true 

coincidence data_. 

Figures II-2 and III-14 give examples of two dimensional energy 

arrays. TWODI forms the sum T 
3 

+ T
4 

and plots this vs. T 
3 

so the 

data appears as kinematic bands, similar to the bottom of Fig. II-2, in 

the computer print out. The curvature of the kinematic lines was due to 

the recoil energy. 
. . 44 . 40 

This feature is seen m the - Ca(a, 2a) Ar Dalitz 

. I I· 

·,.. 
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DALITZ PLOT FOR 44ca(0(,2tJ40Ar AT 91=-92=42" 
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Fig. 44 ' 40 
III-14. Dalitz plot for the Ca(a, 2a) Ar 
reaction. 
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plot [Will 71] given in Fig. !II-14. .'The dashed lines intend to guide the 

eye through the channels containing the maximum counts corresponding 

to the 
40 

Ar(g. s. ) , and t4e reactibns on th~ 16o impurities leading to the 

12 . . ; 12 
C(O.O) and C(4.44) states~ The top part of the figure is the data gated 

' by the true+ chance peak, and the middle print out is the same kinematic 

region but{t was gated by a chance TAC peak. Finally the bottom portion 

is the true array which corresponded to the true + chance array cor-

rected for the chance array and for •the kinematic bend due to the re..: 

coiling nucleus. 

A further function of TWODi was to form T 3 + T 
4 

projections. 

Figures II-2, III-14, "and III-15 indicate that a kinematic correction 

was necessary to realize the best resolution in a T 
3 

+ T 
4 

projection. 

An example of the improvement is given in Fig. III-15. The top figure 

is the projection without kinematic correCtion, a~d the bottom figure is 

the same spectrum with the correction. The correction yielded a factor 

40 . . .. 
of two improve~ent in resolution for the Ar(O.O) case, and was 

optimized for the 
44

ca(a, 2a) reaction. Hence, a similar impro\rement 

was not obtained for the 
16

o(a, 2a) impurity re~ction. A primary purpose 

for making this corrected projection was to identify weakly excited states; 

an example is provided by the 5. 75 MeV level in 40Ar. 

3. Energy calibration of projected spectra 

The T 3 + T 
4 

projections previously described provided the means 

for extracting excitation energies in the residual nuclei. The calibra:-

tion was done internally, since the ground and first ce~xcited states in the 

residual nuclei 'were unambiguous. 
16 . 12 . 

Also, 0 and C contam1nants 

usually contributed peaks for energy calibration. The method was to 

. 
' 

'. 
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n + T4 PROJECTIONS 

· 44ccJ~,2•J40A, 
NO KINEMATIC CORRECTION 

T3 • T4 PROJECTION 
91'-82o 42' 

44cJ<,zo:fOA, 

KINEMATICALLY CORRECTED 
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81=-82 = 42" 
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.. 
~ 

w N-u 
!Li -! 

TJ + T4 <MeV) -
XBL 727-1238 

Fig. III:-15. Example of kinematically corrected T 3 + T 4 
projection. 
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make the kinematic correction previously described at the point 

T 3 = T 
4

; and then project onto the T 3 + T 4 axis. Then centroids were 

extracted from these data, and used in a linear least squares fitting 

program ('MADAM). which estabiished an energy 2alibration for the 

T 
3 

+ T 
4 

axis. The prog~am ~lso .re't~rne'd excitati~n energies when the 

cha~nel nuinbe·r of ~ unkn~Wn peak was. read into the 'program. The 

"reverse·" kinematics· for 'this case is given in Appendix I. C. With few 

exceptions the fitting was done over a small excitation region, and in 

no c~se could evidence for non-l{nearities be found. Known levels popu

lated in the ,(a, 2a) reaction were usually extracted with an error of 

±50 keV or less, although a larger error was usually assigned for the 

weak excited states. 

4. .Extraction of triple differential cross section 

The most detailed expefimental information obtained from these 

experiments was the triple differential eros s section. This eros s 

section is unique to kinematically complete three body reactions, and 

provides stringent tests for nuclear theory. The triple differential 
. . 3 3 2 

cross section (d (1 /cin 1cin
2

dT 3 or (1 (B) ) in units of [mb/(sr) -MeV)] 

was extracted from the data by the formula 

d3(1 0.265 :.'< NCTS *A* Z *cos(B) 

c1n1 dn2 d T 3 = T * C * 2Sb 1 * 6 n2 * :6 T 3 
(III-7) 

where 

NCTS = no. of counts within the bin width 6 T 3 . 

A = molecular weight of target 

z = beam charge 

e = angle between target perpendicular and beam direction 

T . = targ~t thickness (mg/ cm2 ) 
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C = integrated beam current (f.LC) 

,6Q1 = CTR 1 solid angle (msr) 

l:,Q = CTR 2 solid angle (msr) 
2 

.6T . = T 
3 

step size (MeV) 
3 

The ,6 T
3 

bin size was typically 3 MeV. Due to large solid angles the 

a 3 
(8) are experimentally integrated over a non-infinitesmal volume of 

phase space. This effect was discussed in the literature [ Gott 70] , 
. . 

and the approach adopted here was to average theory over the same 

experimentally integrated region, since it is difficult to correct III-7 

for finite solid angle effects. 

5. Chance analysis and true-to-chance ratio 

a. Chance analysis 

This section summarizes chance evaluation for the case of random 

coincidence using a cyclotron beam. The discussion is similar to 

earlier work [Moss 69]. 

The correction for chance events in the true. + chance array was 

not necessarily a straightforward subtraction procedure, i.e. 

true =true + chance - chance. This procedure is m1ly valid if the 

number of particles in each beam burst remains constant. To see this, 

consider the following definitions and developments: 

'T 
c 

= period of pulsed beam 

c = average singles counting rate 

c. 
1 

= c<Dunt rate from ith beam pulse 

C .. 
11 

= chance coincidence count rate from prompt beam burst 

C .. · = averaged chance coincidence rate arising from prompt 
Cll 

beam burst 
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N = total number of c aunts 
. . ' . 

N. 
1 

. . th. . ... 
= singles counts from i- beam burst 

=.number of chance events in prompt beam burst 

N di = averaged number of chanc~ coincide'nce counts from the 

.th b t 1-. urs 

C . . = averaged chanc.e coincidence rate arising from delayed 
C

1 J · beam bursts 
·..,.!. 

T = length of experiment in seconds 

The average singles count rate is 

T/-r [c 
i=1 

. '· 

N. ·-
1 

N 
T (III-8) 

The total number of counts N, and total charge Q,. are related to an 

average number of counts N and average charge Q: 

N·'= NT 
7' 

c 
and Q = 

QT 
7' 

c 
(III- 9) 

Further, the singles counts .in the ith beam burst for detector 1 is: 

(N;)i 
N1 Qi N1 

Q. = = . 1, Q 
Q 1 

(III-10) 

which has the corresponding count rate 

(C.)1 = (N.)1/7' 
1 1 c 

(III-11) 

Also, the· chance coincidence count rate coming fr;om a: prompt beam. 

burst is 
(N/1 (Ni)2 

. C .. = 7' (C.)
1 

(C.)
2 

= 
.11' c 1·'1 7' 

c 
· (III-12) 

where 27' R ·(twice the resolving time) is taken to be the cyclotron period 

7' c· This substitution is valid in the present case since .27' R :::::· 16 ns 

while 7' c::::: 100 ns. The number of chance events iri a prompt beam 

burst is 



{J 
J'. ,,.1 

' ·. 

-{5-

2 2 
N .. = r C .. = 'T (N.)

1
(N.)

2
/r 

11 C11.C 1 1 C 

and the total number of chances N is 
c 

N = c 

N .. T 
11 -= 

'Tc 

T 
'T 

c 

T/r Lc (Ni)1 (Ni)2 

i=1 

(III-13) 

(III-14) 

Using Eq. (III-10) in (III-14) the number of chance counts from the ith 

beam burst is 

N .. = 
Cll 

T 
'T 

c 

T/r 
-- c 
\' 
/. 
L.-----"' 

i=1 

a.2 
1 

(0)2 

and substituting for N1 and N2 from (III-9) into (III-15): 

N .. = 
Cll 

T/r 
\c 
/_~ _ _J 

i=1 

Equation (III-16) can be put in terms of count rate from (III-8): 

c .. = r c 1c
2 Cll C 

T/r 
~c 

' \, 

/ ___ J 

i=1 

(III-15) 

(III-16) 

(III-17) 

where C . . is the averaged chance coincidence rate arising from a 
Cll 

prompt beam burst. A chance event resulting from a delayed beam 

burst is described by a. similar equation: 
· · T/r 

.. ' \" c 
c .. = r c 1 c 2 ·) 

Q] . c . ~~ 

i=1 

a. *0./(0)2 
1 J 

(III-18) 

where Q. is the charge in the delayed beam burst. Two vectors of 
J ' ' 

arbitrary dimension obey the following inequality 

- - ..... -- 2 2 - -p . p + q . q = p + q > 2 p . q (III -1 9) 

Applying (III-19) to sui:ns occurring in Eqs. ( III-17) and (III-18) 
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T/T T/T . T/-r 

)c cl. + 
-~·c d: > 2 

\-,c 
Q.Q. \ 

1 / _ _: J / 1 J 
_ _j L__l 

(III-20) 

i=1 j=1 ij 

or 

T/-r T/rr c 
cl. '\'c \' >- Q.Q. 

1 / 1 J L ~ 
i=1 ij 

Thus one obtains the result:· 

c .. > c .. 
Cll C1J 

(III-21) 

This analysis shows that a correction should be made to the chance 

array before subtracting the chance information from the true + chance 

array. This correction factor was found in the (p, pry) work [Moss 69] 

by ·comparing the yr s in coincidence with elastically scattered protons 

in both the true +chance and. chance ~rrays. The derived correction 

factor was 1.08. In the (a, 2a) case this correction factor was found by 

comparing the summation of chance events composed of scattered 

a-particles whose summed en.ergies were greater than the (a, 2a) 

threshold. This comparison was made between the true + chance and 

chance arrays as in the (p, pry) experiment. Statistics usually amounted 

to at least several hundred events; and an averaged correction factor 

of 1.14 was found. Since the chance background in the 4/72 and 8/72 

experiments was small (cf Fig. III-14) this correction was not included 

in that analysis. However, it was used in the analysis of the 1/73 ex~ 

periment and was found to affect the extracted cross section by approxi-

mately 10o/o in some cases. 
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b. True -to-chance ratio 

The true coincidence count rate is given by Eq. (IU-7): 
' ' 3 ' 

N = K ,~ (] (8) * T ,~ I ,:, L:::.n * L:::.n * l:::. T COINC . . 1 · 2 3 (III-15) 

where I = C/t = averaged beam current, K ··is a cohstant, and the 

other quantities were given previously. The chance coincidence rate 
' ' 

is given approximately by 

(III-16) 

where the singles. counting rates N i and N
2 

are given by 

N. :;: K. * a(B) * T * I * t:::.n. 
1 1 . 1 

and Ki is a constant. The quantity TR is the fast coincidence resolving 

time.· Then the true-to.:.chance ratio (R) is 

R = 1 
(III-1 7) a 

In this coinCidence experiment,· is expected to be small, thus 

Eq. (III-15) shows that the reduction of the product (T *I) should not 

be the first or best'method to increase R .. · The solid angles L:::.n
1 

and L:::.n
2 

must first be made as large as feasible, taking into account 

the desired resolution in energy and recoil momentum. Then, if 

necessary, reductions in (T * I) should be investigated' as a me.ans for 

obtaining a more favorable R. 

Because of the relationship between solid angles and true-to-chance 

ratios, the choice of counter radius maintaining a constant solid angle 
.. . . 

is not straightforward. This isbecause radial angular resolution can 

be improved by moving the.collimators closer to the target and cutting 
I . 

down the radial width to maintain a constant solid angle. ThE; angular 
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resolution will always improve since em a 
1 
~ 
r 

.· ... 

and d8 a 1 
How-.r 

ever, the vertical.a.Il.gular opening will increase, arid non-coplanar ef-

fects will become more important. Thus a balance must be found be- · 

tween the radial and vertical angular apertures .. 

A Tn:acr~-:-structure with an approximate 8 ms period wa~ observed 

in the earliest data accumulation experiment. The st.ructure was beam 

off 40 o/o of. the time and on 6.0 o/o • From Eq. (III-17) for · R this macro-: 

~tructure is seen to adver~ely 'affect the true-to-chance ratio, since 
, . , . I •. '· ,·. ' . . . . .. 

the· structure is equivalent to an instantaneous increase of I, the beam 

current. To compensate the macro-structure, it was necessary to 

limit the average singles count rate in the (4/72) experiment to 10,000 

(sec)._ 1 or less, which wa·s equivalentto ahout'1.5,000 (sec)- 1 instantane-

. . . . . . . 
ously. The problem was eventually traced to regulator instabilities, 

which caused the deflector to switch the beam on and off with 120 

. -1 
(sec) frequency. 

Table III-4 summarizes information pertaining to the ratio R. The 

first three columns give the ·experiment date, target, and symmetric 

scattering angles. The fourth column ref.ers to the experimental geometry 

used, and they are· summarized in Table III..:t. The singles count rate 

and the ratio R derived by summing the ground state transition kinematic 

regions for the true + chance and ~hance arrays are giv~n in the last two 

columns. Often, the singles count rate was limited by ayailable bearn 

intensity and target thickness; this is mostnoticeable for the 8/72 

30Si data. 
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Table III-4. True-to-chance ratio data for the (a, Za) experiments. 

',· 
,• 

Singles 
Angle count rate 

Date Target (sym.) Geometry · (sec)- 1 R 

4/72 28~ii 35° A 8,000 20 

4/72 160 35° A . 8,000 41 

4/72 
26 . 

Mg 35° A 6,500 26 

4/72 24Mg 35° A 6,000 50 

8/72' 12c 35° .A 14,000 103 

8/72 
3o

8
. 

' 1 35° A 2,600 36 

8/72 
66

2 ~n 35° A 8,500 38 

8/72 40Ca 32° A 14,000 24 

1/73 160 28° B 8,000 6 

1/73 
'12 .c 28° B 14,000 6 
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Note that 8/72 d~t~ ..:Vere generally taken at a higher singles 

counting rate, yet the ratio Rwas' eqtial or better ~h,~~ in thee~peri

ment of 4/72. This reflects the beain macro-structu~e prohlem which 

h~d been resolved in the 8/72 experime~t.·. Afso, R was la'wer by more 

than an ord~r oi mag~itud~·fo.r the 12c 1/73. experiment as compared 

to the 8/72 run, because" the product of solid angles between the 1/73 . ; ' . 

·6. Monitor counter arid. dead time correct.ion 

A further and very important correct,ion that must be applied to the 
. ' ', 

raw data was a factor which corrected for electronic and computer 

dead tinie. A dead time corr.ection factor was obtained by triggering a 

pulser system from the' monitor coun:ter. Signals simulating two co

incident a ·particles ·were fed into the preamplifiers. Then, b)r com- ' 

paring the number Of triggers with the number of pulse generator events 

evehtua.ny written on magnetic tape, ar{ over an dead time correction 

factor was found. Reasoh~ble assumptions concerning the dead time 

arising from the pileup rejectors and the TAC unit gave agreement 

within a few per cent of .the experimentally extracted dead time. Due 

to the slow coincidence counting rates (- 1 -+10 (sec)'-
1

) the computer 

. accounted for only a small part of the dead time. Further, the moni

tor counter was' also used to detect any change in effective target 

thickness from run to run: no significant changes were. observed.· 

Finally; the monitor pulse was always arranged to fall within the 

chance gate which was being monitored by the computer. This pro

vided a convenient method for detecting gain shifts .. 

l 

•·. 
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-7. Data reproducibility 

Several sources of systematic error were possible. In Fig. III-16 

data for the 
12

G(a, 2a)
8

Be(O. 0) reaction taken nine months apart are 

-. 
g1ven. Different clet~ctors and targetswe re used. The same scattering 

chamber, solid angles, and counting electronics were used. _The open 

circles correspond to data of 11/71 and the closed circles to the data 

of 8/72. No normalization was used between the two experiments, and 

in cases where data were taken at the same angle, the data were in 

agreement within the statistics. 

However, the experiment of 1/73 which had rather different solid 

angles and angular acceptances (cf. Table III-1) did not normalize to the 

earlier experiments within the 12% statistical errors. On the basis of 

the required normalization it was estimated that the absolute cross 

section scale error was 40%. 
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12C( a, 2a) 8Be(O.O) • ~ 11/71 
• ~8/72 

t 

XB L7211- 4433 

Fig. III-16. The 1 2C(a~ 2a.) 8Be(O.O) angular correlatio~ taken 
.on two separate dates. · · 
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_IV. Experimental Results 

A. Projected (T 
3 

+ T 
4

) Spectra and Observed Energy Levels 

1. 
12 8 . 16 12 . 

C(a, 2a) Be and O(a, 2a) C reactions 

The T J + T 
4 

projections of the 
12c and 

16
0 (a, 2a) reactions are 

given in Figs. 'IV-1 and IV-2. These projections have been corrected 

for the curvature in the T 
3 
+ T 

4 
vs. T 

3 
energy plane as described in 

Sec. III -E. The (a, a 
3

He) thresholds are indicat.ed in the figures, and 

. ' 
they lie well below the summed energies corresponding to (a, 2a) events 

leaving the :r:esidual nuclei in the ground and low excited states. There is no 

evidence for (a, a 3He) events coming from the 
12c and 160 targets. 

The background counts occurring from the highest to lowest channels 

are due at least in part to chance events; these spectra have been 

chance corrected and if negative counts were plotted, the baseline 

(zero counts) would be enveloped with "noise" due to the chance cor-

rection procedure: There may be four- body breakup background in 

the 
12

C(a, 2a)
8

Be spectrum, since the 
12

C(a, 3a)a reaction has a Q-

value of -7.26 MeV. This latter reaction has a Q-value of about -14 

16 
MeV for the 0 target. 

Table IV -1 summarizes the states observed in the 
8

Be and 
12c 

residual nuclei. The second column gives the excitation energies used 

in fitting a linear least squares line through the data. Since only two 

levels were consistently observed in these nuClei, no prediction for 

the error in the excitation energies-hence the fitting procedure-was 

possible. However, the linear fit to the 12c and 
8

Be data were con-

sistent with slopes obtained at different angles and different nuclei. 
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Table IV -.1. Summary -of observed levels and intt:msities withE and 
J TT from the literature for .the .8Be and 12c nuclei. · x 

Nucleus E Elit. 
jrr () Integral 2 Error 

2 exp (mb/(sr) ) (mb/(sr)·) 
(MeV). (MeV) 

0.00 o.ooa o+ 35° 4.89 .34 
2.90 2·.90 2+ 2.54. .25 

0.00 o.oob ·+ 35° 3.41 .35 0+ 
4.44 4.439 _2+ .88 .1 7 
7.65 7.653 0 

aT. Lauritson and F. Ajzenberg-Selove, Nucl. Phys. 78, _1 (1966). 

bF. Ajzenberg-Selove and T. Lauritson, Nuel. Phys. A114, 1 (1968). 
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The third and fourth columns give the excitation energies and J rr values 

from the ·literature; the. 8 Be data is taken from [ Lau 66] and the 12c 

data fro~ [ Aj z 68] . The sixth and seventh columns present the inte

grated energy correlations and the associated er.ror at the symmetric 

angle listed in the fifth column. The intent is to give an indication of 

the relative excitation strengths in the re·sidual nuclei. Errors listed 

in the seventh column represent the difference between trap~zoidal inte

gration based on the data points and the integr~tion based on the limits 

of the statistical error bars. This analysis indicates that the first ex

cited state transitions in the 
8

Be and 
12c residual nuclei are not as 

strong as the ground state transitions. This is particularly pronounced 

for the 
12c residual nucleus. 

2 24, 2·6M (:.-. 2 ) 20, 22N d 28, 30S .. ( . 2 ) 24, 26M . · · g a, a e an . 1 a, a g 

The T 
3 

+ T 
4 

chance and kinematically· corrected spectra from the 

24 26 . 20 22 28 30 . . 24 26 . . 
• Mg(a, 2a} • Ne and the • S1(a, 2a) • Mg reachons are 

given in Figs. IV -3 to IV- 6. 
16 12 . . . 

The 0 and C target contammants are 

apparent in all spectra except possibly the 
28

si target. 

thresholds are also indicated, and only in th~ 26
Mg and 

. 3 
The (a, a He) 

28
8

. 
1 targets 

are there indications that this reactions occurs. The most remarkable 

feature of these spectra is the predominance of the ground state transi-

tions. 

Table IV -2 summarizes the observed states in the 20Ne and 22Ne 

·residual nuclei. The 20Ne excitation energies and J rr values are taken 

f [A. 72) d th d. 22N . f . . k f rom JZ , an e correspon 1ng e 1n ormatlon 1s ta en rom 

the 
18

0( 
7 
Li, t) 

22
Ne[ Scho 72] and the 

21 
Ne(d, p) 

22
Ne[ Neo 72] reactions. 
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Table IV-2. Summary of observed levels and intensities withE and 
J TT from the literature for the ZONe and 22Ne nuclei. . · : x 

JTT Nucleus E Error Elit () Integral Error 
exp .· . 2 I z (MeV) (keV) (MeV) (mb/ (sr) ) (mb (sr) ) 

ZONe 0.00 ± 20 o.ooa ·· o+ . 35° 1.31 .15 
1.63 ± 35 1.63 z+ .108 .042 
4.25 •. ±60' 4.25 ·+ .018 .019 . 4. 
5. 70. ± 60 5.62, 5. 79 3-. 1 .063 .031 
6.72 . ±50 6. 72 o+ .065 .028 

11.41 ±50 Many levels .039 .022 

22Ne 0.00 ±50 o.oob o+ 35° 1.03 .12 
1.28 ± 60 1.28 z+ .16 .05 
4.49 ±80 4.46 z+ .025 .018 
5.81 ± 60 5.93 

6+ 
.018 .014 

6.31 ±80 6.34 .052 . .024 
6.95 ± 150 6.90 + .030 .016 0 . 
7.57 ±60 7 .49, 7.64 1 -. 2+ .059 .026 

a . 
F. Ajzenberg-Selove, Nucl. Phys. A190, 1 (1972). 

bW. Scholz, P. Neogy, K. Bethge, and R. Middleton, Phys. Rev. (C) · 
6, 893 (1972); P. Neogy, R. Middleton, ,and W. Scholz, Phys. Rev. 
(C).£, 885(1972). 

. -
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Data taken at all angles were- used to extract art averaged experimental 

excitation energy; the errors wer~ determined by comparing the av

eraged experimental energy for levels with energies kn~wn from the 

literature. These estimated errors were usually greater than the sam-

ple standard deviation 9erived from the averaged energies. 

The experin'lental resolution and statistics were not adequate to 

discern whether the weak excitation inthe 
20

Ne 5. 7 MeV region was due 

to the 5.62 MeV (3 -) or 5. 79 (1 -) states. The weak excitations observed 

in 
22

Ne at E > 4.49 MeV seemed to correlate with levels observed in 
·x 

the 
18

o( 
7 
Li, t) 

22
Ne reaction [ Scho 72] . The final two columns in Table 

IV -2 indicate the. ground state transitions 'are dominant, with the first 

excited Jrr = 2+ states having significantly less strength and being more 

characteristic of the higher weakly excited states. 

Table IV -3 summarizes the levels observed in the 24Mg and 26Mg 

residual nuclei. The excitation energies and Jrr assignments are taken 

from [End 67]. The experimental errors were determined as in the 

20 22 . 24 
Ne and Ne nucle1. The weak excitation in the Mg 4 MeV region 

could not be unambiguously assigned to the 4.12 MeV (4+) or 4.2'3 MeV. 

' + 
(2 ) levels. The calibration did seem to favor the 4.23 MeV state, how-

ever. The 5.23 MeV 3 + level irt 
24

Mg is the only evidence of unnatural 

parity state population in the present (a, 2a) survey~ The 
26

Mg statis-

tics were· comparatively poor due to the target thinness, .and Fig. IV-6 

· d. t ·d .bl. 16o ·d 12c · · h 1 1n 1ca es cons1 era e an target contam1natlon. T e fina 

20 two columns of Table IV -3 have the same systen1atics as the Ne and 

22
Ne nuclei: .• a dominant ground state transition with comparatively 
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Table IV -3. Summary of obs.erved I.fvels an~lntensities with Ex and 
J 1T from the literature for the 2 Mg and Mg nuclei. . 

Nucleus E Error Elit 
J1T () Integral Error 

exp 
(mb/(sr)

2
) (mb/(sr)

2
) (MeV) (keV) (MeV) 

.... 

24Mg . 0.00 ± 20 o.ooa o+ 35° .84 .11 
·+ 

' 1.37" ±40 1.369 2 .156 .047. 
4.23 ± 30 4.123 4+, 2+ 

4.23 
3+ 5.23 ± 70 5.228 .033. .020 

7.69 ±50 Several levels .040 .023' 
11.47 ±50 Many levels .045 .021 

26Mg 0.00 ±50 o.ooa o+ 35° .61 .16 
1.81 ±50 1.809 2+ .12 .07 
2.92 ± 100 2.938 2+ 
3.53 ± 100 3.585 a+ 

a 
P. M. Endt and C. Van Der Leun, Nucl. Phys.· A105, 1 (1967). 

II 
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weak transitions to the excited states. -A previous study of the 

28 si(a, 2ci)
24

Mg reac:tio~(Pli 69] at Ea = 104 MeV suggested that the 

1.37 MeV and 4.23 MeV states were populated more strongly than the 

24 .· 
· Mg ground state. The r·esult at E = 90 MeV is contrary to this con-. a 

elusion. Furthermore~ the 
28

Si(a, 2a) 24Mg reaction was studied at 

. 24 
E = 70 MeV [ Kene 73), and the Mg ground state was also dominant 

a . 

at this energy.·. 

3. 40 •44ca(a, 2a) 36 •40 Ar and 66zn(a, 2a)62Ni 

Figures IV -7 to IV- 9 give the projected and corrected T 
3 

+ T 
4 

. . 40 44 ·. ·. . . 36 40 ' . 66 .· 62 
spectra for the ' Ca(a, 2a) ' Ar and Zn(a, 2a) Ni reactions. 

The Ca targets have ·a la:r:ge oxygen impurity as anticipated. The cor

relation angles studied in the Ca targets were chosen to ensure min

imal data analysis proble~s in rem<>ving contaminant 12c bands. The 

36 . 
projected Ar spectrum has considerable structure above the (a, a 
3 . 

He) threshold. 

Table IV -4 summarizes the residual levels observed in these nu-

· clei. "36 40 . 62 . 
The Ar and Ar data are taken from [End 67] and the N1 

information from [ Led 6 7] . The 36 Ar nucleus is an exception to the 

systematic observation that the ground state transitions to the resid-

ual nuclei predominate in the (a, 2a) reaction. The 1.97 MeV and the 

4.37 MeV integrated cross sections given irt Table IV -4 nearly equal 

the 36 Ar (0 .00) value. The 40 Ar and 62Ni nuclei follow the previous 

excitation strength systematics, as .Table IV-4 indicates. 
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Table IV-4. Summary of obs~.rved l;vels and intensi6~es with Ex and 
JlT from the literature'for the 3 Ar, 40Ar, and Ni nuclei. 

Nucleus E Error Elit 
Jrr () Integral Error exp 2 . 2 

(MeV) (keV) (MeV) (mb/ (sr) ) (mb/(sr) ) 

.• 

36Ar o.ooa o+ 0.00 . ±40 32° .50 .089 
1.97 ±30 1.970 2+ .30 .070 
4.37 ± 100 Several levels .10 .039 

40 . 
0.00 ±so o.ooa a+ 28° .58 .12 Ar 
1.44 ±50 1.460 2+ .027 .032 
2.09 ±90 2.125 a+ .052 .034 
4.00 ±40 Several levels .080 .044 
5. 75 ± 70 .026 .025 

62Ni 0.00 ±30 o.oob a+ 35° .42 .071 
1.17 ±40 1.172 2+ .062 .026 
2.36 ± 100 2.303, 2+, 4+ 

2.34 

a P.M. Endt and C. Van Der Leun, Nucl. Phys. A105, 1 (1967). 

be. M. Lederer, J. M. Hollander, and I. Perlman, Table of 
Isotopes, 6th edition, (1967). 
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B. E:ne~gy, Momentum, and Angular Correlatlcms 

1. ~nergy correlations 

Energy correlations are projections of kinematical bands onto the 
·.·. 3 .. . ' . . . ' 

T
3 

axis. wh~re a (8) is cal~ulated according to E:q,. (III-7). Energy 

correlation. examples are given for the 
16

o(a, 2<i) 
12

c(O.O) reaction 

·-·· .· '· 24 20 . . . ~ .· . 
(Fig. IV-,10) and the Mg(a, 2a). Ne(O.O) case (Ftg. IV-11). 

An energy· correlation was extracted and plotted for each target, 

angular setting, arid excited state observed with significant statistics. 

3 . •. . 
The a ( 8) have been corrected for chance events by subtraction of a 

chance array from the true + chance array. This procedure and justi-

fication is.outlined in Sec. III. 
. ' .· .·• 8 

Furthermore, if a contaminant Be or 

12c band were degenerate in energy with a level of interest, care was 

taken to remove the contam.inant events from the T 
3 

energy bins. The 

.. '40 36 
most notable example of this procedure is the . Ca(a, 2a) Ar(O.O) re-

action at the symmetric quasi-elastic angle (426 ): In this case the 

16o(a, 2a)
12

C(O.O} transition falls on top of the residual 36Ar(O.O). 

16 . 
For this transition, an 0 target was studied in the same experiment 

and the results were used to correct the impurity in the 36 Ar(O .0) data. 

A summary of the symmetric a 3 (8) for the gro~d and first excited 

states extracted in these experiments is given l.ri Appendix IV. The · 

excited state statistics are poor, particularly for those levels greater 

than the first excited states. The errors in Appendix IV and Figs. 
. . ' 

\ 

IV-10 and IV-11 are statistical. The normalization of the 1/73 exper-

iment indicated a 40o/o uncertainty in the absolute scale; the relative 

uncertainties between targets are determined by the precision of the 
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· 16o(a, 2a)12c (0 .0) transition. 
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targetthickness measurements (cf. Table IIJ:-2). 

There are s'ever.al systematic features ~hich. ,characterize the en

ergy correlations. First, the maximuin in the correlations comes at 

equal energy sharing in the two outgoing a.-particles. An arrow in Figs. 

IV-10 ~nd IV-:11 marks the point where T 3 = T 4 . Secondly, the cross 

secti.on is characterized by a broad, smooth bump which is a signature 

of a quasi-elastic knock-out mecha:nism [Holm 69]. Sequential proces

ses would be characterized by much sharper structure on the T 
3 

axis 

or broad structure at high excitation in the singles data .. ·A third gen-

eral feature is that the correlation structure broadens as the symmet-

ric correlation angle moves forward from the quasi-elastic angle . 

. 16 24 This angle is 42° for the 0 and 41° for the Mg target. A fourth 

observation is that under thecondition that T
3 

= T
4 

a peak in a
3

(8) 

occurs at the 35° symmetric angle point. It is emphasized that these 

features are characte:dstic of the nine ground state to ground state 

transitions studied, and a (a., 2a.) reaction theory should confront these 

points. The solid curves are theoretical parametrized DWIA predic-

tions that will be discussed in Sec. V. 

2. Momentum correlations 

If the a 3
(8) are plotted vs. the recoil nucleus momentum, the mo

mentum correlation is obtained. Figures IV-12 to IV-1.4 present the 

momentum correlations found in the 12C(a., 2a.)8 Be (0.00), the 

1 6 1 2 ' . 44 . . 40 . 
O(a., 2a.) C(O.OO), and the Ca(a., 2a.) Ar(O.OO) reactwns. The er-

rors in a
3

(0) are statistical; the errors in q were determined by the 

finite aperture calculations described in Sec. III-D.·· The a 3 (8) is 

also plotted versus the averaged q, as discussed in an earlier' section. 
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The symmetric quasi-elastic angle for the three examples given is 42°. 

The correlations peak at q = 0 and are approximately symmetric about 

this point. 
. . . -1 -1 
The abscissa ranges generally from 1 (fm) to 0.0 (fm) 

. •·· . -1 
and then back to 1 (fm) • This corresponds to T 

3
< T 

4
, T 

3 
= T 

4
, and 

T 
3 

> T 
4

, respectively,. in the kinetic energies of the two detected alpha 

particles. ·The momentum correlations have a lower non-zero limit in 

the range of q away from the quasi'-ela'stic angle, as indicated in Fig. 

II- 3. 

Within the PWIA the momentum correlations are closely connected 

to the momentum distribution of the bound alpha particle. Analysis of 

the momentum correlations in this framework is given in the discus-

sion. The solid curves in Figs. IV-12 to IV-f4 are calculations 

based on: the parametrized DWIA. 

3. Angular correlations 

a. Symmetric angular correlations 

The symmetric angular. correlation is defined by the requirements 

that 81 = 82 and that T 
3 

= T 
4

. Since a rather large ~T 
3 

bin width of 

approximately 3 MeV was necessary to obtain good statistics within the 

bin, there is an uncertainty in the a3 ( 8) value at the T 
3 

= T 
4 

point. The 

syrrunetric a 3(8) were extracted from. energy correlations qy reading 

anaverage value of a 3 (8) at the T
3

=T
4 

point on the ,energy correlation 

plots. The associated error in a 3 (8) was estimated by comparisons 

with the neighboring statistical error bars. This procedure was 
~ 

checkeci by taking two data points occurring at the T 
3 

= T 
4 

point in the 

energy correlations, and then caJculating a3 (8) and the statistical error. 

" 
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This was done for two complete angular correlations; and the two meth

ods yielded agreement in magnitude, but the statistical error associ-

ated with the second method was approximately 25% less than the esti-

mated error from the first procedure. Since the averaging procedure 

was typically done over two data points, the uncertainty in the state

ment that T 3 = T 4 is IT 3 - T 41 ~ 3 MeV. Ther.e is an uncertainty in the 

scattering angle due to the large counter collimators. The set A geom-

etry in Table III-1 was used for all measurements at symmetric angle 

. . . ' 12 16 . 
28° and greater; the set B was used in the C and 0 work at angles 

< 28°. The a 3
(8) at forward angles in the 8Be and ·12c residual nuclei 

are seen to have less angular error due to use of the set B collimators .. 

The ground state to ground state angular cor relations for all tar-

gets are given in Figs. IV-15 to IV-20. Figures IV-15 and IV-16 are 

the angular correlations for the 12C(a, 2a) 8 Be(O.O) and the 16o(a, 2a) 

12
c(O.O) reactions. These targets were studied in the syrrrmetric an

gular range from 19° to 4 7°. The 16o target data reveal a minimum 

at 22°, a maximUm at 35°, and then a rapid decrease at larger angles. 

12 
The C target shows the latter two features, but a minimum at 22° is 

not defined since the 19° datum point was not taken. 

The remaining nuclei were studied at three or four symmeteic an-

gles in the 28° to 4 7° range, and the angular correlations are sum

marized in Figs. IV-17 for the 24•26Mg(a, 2a) 20 •22Ne(O.OO), IV-18 for 

the 
28

• 
30

Si(a, 2a)
24

• 26Mg(O.OO), IV-19 for the 40 •44ca(a, 2a) 36• 40Ar 

. . 66 62 . 
(0.00), and IV -20 for the Zn(a, 2a) Nt(O.OO). These- correlations 

. 12 16 
demonstrate the same features as the C and O(a, 2a) data: a max-

imum at approximately 35°, and a rapid fall at larger angles._ The 

. -



--r0 

b 

-

N 

> 
Q) 

::E 

-"'-
(/) 

.,.109-

1 2 c ( a, 2a ) 8 Be ( 0.00 ) 

--0.10 
......... 

.0 

E 

+ 
20 25 30 35 40 45 50 

81 = -82' 
X BL 733-2554 

Fig. IV-15. Symmetric angular correlation for the 
12

c(a,2a)
8

Be 
(0 .0) reaction. 



-
1"0-

b 

-
> 
Q) 

~ 

N -~ 
U) --
' .c 
E 

f 
0.10 

20 

-110-

16o (a 2a) 12C ( o.oo) , . 

25 30 35 
81 =- 82 

40 45 50 

X BL 733-2553 

Fig. IV -16. Symm~tric angular correlation for the 16o(a, 2a) 
12c(O.O) reaction. 

.. 



'I 

l ... .: .,,.1 ' ,,, 

-<l> -r() 

b 

N -~ 
fl) 

...... 

.:0 
E 

\} ·.• ~ 

d ,;:~ ~) • ~ 0 

-H.1-

24Mg (a ,2a) 20 Ne ( 0 .Q 0) 

0.10 -

0.01 

15 20 25 30 35 40 45 50 

81 = - 82 

XBL733-2551 

Fig. IV -17. Sy~~etric an£r"Ul'2~ correlation 
for the Z"f, Mg(a, 2a)ZU, Ne(O.O) c 

reactions. , 

(~ 



rr> 

b 

-> cu 
~ 

N -.... en -

-112-

285 i (a, 2 a )24 Mg < o.oo) 

0.0 I 

-' ' .&:J 

E 

0.01 

15 20 25 30 35 40 45 50 

81 =-82 
X BL 733-2!5!52 

Fig. IV-18. Symmetric angular correlations for 
the 28, 30si(a, 2a)2 4 , 2°Mg(O.O) reactions. 



> cv 
:E 
i 

"' ..... ... 
In 

-113-

4 °Co (a,2a) 36Ar (0·00) 

44c 0 (a, 2a) 40 Ar (0.00) 

0.01 

' 0.001 

15 20 25. 30 35 40 45 50 

81 =- 82 . 
XIIL733-2550 

Fig. IV -19. Symmetric angular j::orrela
tions for the 40, 44ca(a, 2a)3 b· 40Ar(O.O,) 
reactions. 



·--rt') 

b 

-
N -~ 

;;,114-

6 6 . 62 . 
Z n .( a , 2a ) N 1 ( 0.00) 

r ... 

~ 0.01 -

15 20 25 30 35 40 45 50 

81=- 82 

XBL733-2556 

Fig. IV -20. Symmetric angular correlation for the 
66zn(a. 2a) 62Ni(O.O) reaction. 

II 



I·' 

'• 
~.) ff 

-115-

peak cross section .at the 35° point decreases steadily from 12c to 

30s· B · d 30s· t·h. k t" · 1 t· 1 t t 1. eyon 1 1s pea cross sec 1on remains re a Ive y cons an . 

Again the solid curv'es are parametrized DWIA calculations. 

Angular correlations for transitions to the 2+, 4.44 MeV state in 

1 2c d ·h.. 2 + 1. 9 7. M' V ·1 . 1 . 3 6A . . · . F. 21 an t~. e ~ . e eve 1n rare given In 1g. . A dip in 

cross section at 22° is present in the 12C{4.44) data; a similar struc-

12 .. . 
ture was also observed in C ground state transition {cf. Fig. IV-16). 

The 12C{4.44) angular correlation then decreases monotonically with 

anglt}'from the maximum at 25°. The 1.97 MeV angular correlation in 

36 Ar does not decrease as rapidly With angle as the 12
c{ 4.44), and in 

fact the 1.97 MeV correlation from 36 Ar is more characteristic of the 

other 2+ aftgular correlations. The PWIA for L '::{ 0 transitions would 

predict a sharp minimum at the quasi-elastic angle. This feature is 

not observed in the angularcorrelations of .Flg. IV-21. 

b. Asy:m:metric angular correlations 

12 . 8 . . 16' ' ' '12 
The C{a, 2a) Be and O{a, 2a) C reactions were studied in an 

angle-asymmetric configuration. Counter 1. was fixed at 42°, while 

the second counter traversed the angular range from ()2 = -25° to -47°. 

The asymmetric energy correlations are. summarized in Appendix V. 

An asymmetric angular correlation was defined by extracting u3{8) at 

the T 
3 

value where the residual recoil momentum would be constrained 

to lie along the beam axis. This cohdition occurre.d at a minimum in 

the recoil momentum-at least for the asymmetric angular range stud-

ied here. The asymmetric data were extracted in the same manner as 

that outlined for the symmetric angular correlation. 
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]figures IV -22 and IV -23 present the 
12

c(a, 2a) 8 Be(O.O) and the 

16o(a, 2a) 12c(O.O) asymmetric angular correlations. By comparison 

with the symmetric angular correlations (Figs. IV-15and IV-16) the 

asymmetric correlations are flatter in the 28° -42° range, and both 

correlations fall off rapidly at 47~. Unfortunately it was not possible 

to extract u3(25° ), since this angle for the second alpha particle cor-

responded to a kinetic energy T 
3 

of the first alpha which fell below 

the T 
3 

experimental cut off. As in previous figures, the solid curves 

are theoretical calculations which are discussed in the following sec-

tion. 
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V. Discussion· 

A. Phenomenological 'nWIA 

1. Fini~e detector size ~ffects 
. . 

The large solid. angles_us~d in these experhnents result: l.n a 'sig-
. . 

nificant experimental integr~tion of the tripledifferential cross sec-

tion. .These finite geometry effects are treat~d by averaging any the

oreticaliy derived quantity which is compard with expe.riment over the 

limits of the radial angular acceptances, these limits being set by the 

nominal and extremum angles. The nominal a~gle is th~ scattering 

angle which would be defined by pomt detectors; the extremum angles 

are the largest and smallest scattering angles permitted by the finite 
' . . 

collimator widths. The. total angular acceptance was about zo per de-

tector for i:nost measurementS. For example, the DWIA calculations 

based on the Sec. II discussion are carried out independently at the 

nominal 'and extremumangles and subsequently averaged." Each pre-

diction is the 'result of three' calculations averaged over the finite an-

gles. 

An exampl¢ of averaging the theoretically predicted angular cor

relation cross section over the finite angles is given in Fig. V -1. The 
. •' 

s~lid curve is the averaged result while the broken lines represent the 

nominal angle and angular extrema contributions. In these plots, the 

angular correlation is more complicated than the momentum or energy 

correlations because values of the extracted cr (T, 8) vary rapidly as 
QQ . 

the symmetric angles varies. The minimum at .22° in the nominal 

angle prediction is much less pronounced in the averaged result. 
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Fig. V -1. Average of theoretical angular correlation over 
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parameters are those given in Table V -1. 
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Finite aperture effects are also illustrated by the distribution of 

values attained by the recoil.momentum, the distribution width being 

proportional to the angular acceptances. This effect is most impor

tant at the· quasi -elastic angle, where the intr~duced uncertainties 

systematically combine to move the recoil momentum away from the 

nominal value. Both theoretical and experimental momentum distri-

butions are plotted versus the recoil momentum averaged over the 

nominai and extremum angles~ 

All subsequent theoretically derived quantities, whether in the 

DWIA or PWIA framework, havt: been averaged in this manner. Fig-

ure V -1 is the angular correlation result given by the T f prescription; 
' ' 

the next section deals with experimental evidence which favors the Tf 

method for interpolating fJ (T, 0). 
QQ 

2. T i and Tf_ prescription 

The T
1
• and Tf prescription ambiguity for extracting fJ (T, 0) was 

' QQ 

introduced in Sec. II.l{., and recent (a, 2a) experiments were seen to 
' . ' 

' ' 
favor the T f method. A simple statement of the triple differential 

cross section in the present DWIA is 

(V -1) 

The equation has a simple form, and suggests that if the experimental 

CJ
3 (0) reveals significant shape dependencies, it might be possible to 

relat~e these variations with one of the three factors in (V -1). 

a. Symmetric data. 

The experimental synunetric angular correlation for the 
16o(a, 2a)

12
c(O.O) reaction is given in Fig. IV-6. Note that aminimum 
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occurs at the 22° point. It is now shown that this minimum can be ac-

counted for within the framework of Eq. V -1 only if the T f method for 

finding CT (T~ 8) is used. Figure V-2 gives the free a-a cross sections 
a a 

16 
interpolated according to the T i and T f prescriptions for the 0( a, 2a) 

12
C(O .0) reaction. ·Finite geometry effects are included, and the T f 

method predicts a minimum at 22• whereas the T. prescription results 
1 

in a flat curve in this angular range. Further, the kinematic factors 

are slowly varying in this kinematic region. Finally Fig. V.:.3- plots 

theoretical predictions for I ~20 (~) 1
2 

using three distortion parameter 

sets. For parameters appropriate to the PWIA (13i = l3f = 1.0 and 

'Yi= 'Yf = 0.0) a minimum at 27° occurs. However, as the distortion 

parameters leave this limit, .·the !q,
20

([} j
2 assumes a more smooth be

havior, and no evidence for a minimum due to I q,20 (g) 1
2 at 22° is seen 

. 16 12 in any case. Thus the forward angles m the O(a, 2a) C(O.O) angular 

16 
correlation indicate the T f prescription if favored. Also, the O(a, 2a) 

12G(4.44) angular correlation in Fig. IV-21 has a minimum at 22°. 

This structure may be due to the a- a scattering from the T f prescrip

tion, but since a prediction for jq,
12

([} j 2 is not available, the argument 

is not as complete as for the ground state transition. 

b. Asymmetric data 

A further experiment involving asym.n).etric geometries was pur-

sued to help clarify the T. and Tf ambiguity. The asymmetric angular 
' 1 

correlation is described in Sec. IV.B. and data for the 1 €t>(a,2a)
12

C(O.O) 

and 12c(a,2a) 8 Be(O.O) asymmetric angular correlations are given in 

Figs. IV -22 and IV- 23. · The asymmetric angles yield values for T i' T f' 

and 9 different from those obtained in the symmetric case, and this 



-

-

15 

-124-

160 (a, 2a) 12 C (0.00) 
era a ( T, 8) interpolations 

o Tj prescription 

A Tf prescription 

20 25 30 35 
81 = -82 

40 45 50 

XBL 734-2536 

Fig. V-2. Free alpha-alpha scattering cross sections inter-
. polated on the basis of the T i and T Jt ;Frescriptions appro

priate for the symmetric 1 6o(a, 2a) C(O.O) angular cor
relation at Ea = 90 MeV. 

.. 
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12c c .o. oo > 
N = 2 L= 0 

+a 

0 
N -e-

15 20 25 30 35 40 45 50 

81 = -8 2 
X8L733-2537 

Fig. V -3. Plots of the distorted momentum distribution versus 
the symmetric correlation angle as a function of distortion 
parameters. The closed Circles have l3i = 13f = 1.0 and Yi = Yf 
=0.0; the open circles have 13i=1.30, 13f=1.32, Yi=.98, and 
'V£ = 1.28; and finally the open triangles have l3i = 1. 70, 13f = 1.60, 
'Vi = .1 7, and 'Yf =.55. 
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experiment thus provides an independent test for the Ti or T f method. 

Figure' V-4 shows the. f~~e 'a-a cro~·s aections -approp:z:iate for the asym

. metric ' 16o(a, 2a) 12C(O.O) angular correlation ~interpolated on. the basis· 

of th·~ T i and T f procedures~ The T f method predicts a rather flat cor

relation. at forward angle~ ~hii~ the .. T. p~escription indicates a rapid 
'' 1 

: . -+ 2 
decrease, in the 28° to'35° angular region~ The 1<1>20(£) I 'for a range of 

distortion parameters is comparatively flat,· particularly at the forward 

·angles. Figures IV -22 and IY-23 reve~led a flat structure at the for-

ward' angles, and thus the triple differential cross section is again most 

consistent with the T f prescription.· 

'' 
The results of these analyses show that the. free a-a cross section' 

interpolated acc.ording to the T f method accounts for several features 

in the symmetric and asymmetric angular correlations. In particular, 

the minimum at 22° in th~ 16o(a.~ 2a) 12c{o .0) angular correlation as 

well a:s the dec~eas'e in ~3 (()) ofthe symmetric and asymmetric angular 

·correlations at large angles is accounted for. It was also seen that the 

forward angle structure of the asymmetric angular correlation was re-

. produced by the Tf method. Further, this analysis shows that the im

pulse approximation as represented in Eq. V -1 appears to have some 

validity if the T f prescription is utilized. All subsequent calculations 

using the impulse approximation, unless noted otherwise, have used 

the T!' met~od for finding uaa(T, O)·. The next two sections deal with 

the distortions of incident and scattered particles and the bound state 

properties of the distorted momentum distribution. 
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1 6 o (a, 2 a ) 1 2 c ( o. oo) 
a-a a · ( T, 8 ) i n t e r p o I at ion s 

0 T. prescription 
I 

1::. r1 pre s c r i pt i o n 

30 35 40· 

82 
45 50 

X B L 7 3 4 - 2 5 90 

Fig. V .:.4. Free alpha-alpha scattering cross sections inter
polated for the Ti and T f prescription appropriate for 
the asymmetric 16o(a., 2a.)12c(O.O) reaction at Ea.= 90 
MeV. 
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3. Parametrization of McCarthy-Pursey wave functions. 

Section II-F provided deveiopment of a phenomenological DWIA in 

terms of four parameters, two characterizing the incident wave (13i and 

l' i) and two characterizing the final scattered wave·s (13fand l' f). The 

purpose of this section is to provide a summary of parameter variation 

influences on theoreticar' p~edictions for the vari~us experimentally ob

served -correlations. It ·is a general result of this model that the dis

tortion parameters have a strong effect on both the magnitude and shape 

of the correlations. However, the correlations are in general less 

sensitive to the bound state parameters. 

·First consider the angular correlations for the 16o(a, 2a) 12
c(O.O) 

reaction. figure V- 5 shows the shape and magnitude variation as l3f 

changes while other parameters were constant. As l3f progresses from 

values less than 13i to values greater than l3i' the angular correlation 

curve is seen to get progressively flatter.· Also, for l3f < l3i the peak 

in the angular correlation moves slowly to smaller angles and increases 

rapidly in magnitude. The same behavior was discovered when 13· var-
.· . . l 

ied from values less than 13£ ~o val~es gr~ater than 13£' while 13£' l'i' and 

Yf were constant. Best agreement ~ith the symmetric angular correla

tion was obtained w.hen l3i :::::: 13£· 

Figure V- 6 ·shows the variation of angular correlation with the l' f 

parameter, ·while l3i' 13£' and l'i are constant. . As l'f goes from values 

less than l'i to values greater than l'i, a minimum at 35° disappears 

and the cross section for () > 35° decreases. There is also a small 

decrease in absolute magnitude at the forward correlation angles as y f · 

becomes larger. If the l'· parameter is varied so that it increases with 
1 

values always less than l'£' while l3i' 13£' l'f are constant, then the angu-

lar correlation curve drops monotonically. For example, with the 

values l3i= 1.30, 13f=1.32, and yf=1.28, the yi could be varied from .50 

to 1.00 without appreciably changing the angular correlation shape, al

though the magnitude was displaced nearly an order of magnitude. For 

l'· = .35 the minimum at 22°. became too deep, and for values l'· > 1.00 1 . l 

the non-physical structures outlined in Fig. V -6 became evident. Set-

ting l'i = l'f = 0.0, the predicted magnitude increased by a factor of 
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16 . '. 12 
0 {a, 2a) C (0.00) 

/3f. variations 

20 25' 30 35 
81= -82 

40 45 50 

XBL733-2540 
Fig. V- 5. Variation of f3£• a test for magnitude and shape depen

dence of the 160(a, 2a)12c(O.O) reaction. The circles have 
f3£ = 1.20; the squares have f3f = 1.32; and the triangles have 
f3t = 1.44. The remaining distortion parameters are !3i = 1.30, 
'Vi= . 98, and 'Yf = 1.28, and were held constant. 
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. 12 ) ,2a > · c (o.oo 
Yt . vo ria tions 
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15 20 25 30 35 

81= -82 

40 45 50 

XBL733 -2!539 
Fig. V -6 .. Variation o£ yf, a test for magnitude and shape de

pendence of the 1 60 a, 2a) 12c(O .0) reaction. The circles 
have 'If= .60; the squares have 'If= .90; and the triangles 
have 'If= 1.28. The remaining distortion parameters are 
constant and their values are l3i = 1.30, 13£ = 1.32, and 

"i = .98. 
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seventy,-£ive, but the shape remained sim:ilar to the 'Yf = 0.60 curve in 

Fig. V -6. 

The momen'tum correlation predictions were niost sensitive to vari-

ations in f3 i and f3 £' Taking -y. = .98 and 'Yf = 1.28 and decreasing the 
1 - . 

couple (f3i, (3£) from (1.60, 1'.56)to (1.10, 1.08) the momentum correla

tion broadened about .1 (fm)- 1 , the difference taken at the FWHM of the 

two curves. The prediction corresponding to (1.10, 1.08) was about 4o/o 

greater iri magnitude than th~ (1.60, 1.56) prediction .. The 'Y£ variation 
';· 

outlined. in Fig. V- 6 had very little effect on the momentum correlation 

shape, although the curves did drop regularly in magnitude as Yf in

creased. Thi~ analysis was made over the range l<i I< .5 (fm) - 1 . For 

l<il> .5 (fm) - 1 the theoretical prediction fails to fit the data magnitude. 

One set of distortion parameters was found which gave good fits to 

.· . 12. 30 . 
the angular correlations for targets £roll) · ,c to Si. These are given 

in columns 2-5 of Table V -1. · A slight adjustment in the (3£ parameter 

was necessary to maintin comparable shape fits for the Ca and Zn tar

gets and this value is giveri in the table. The -yiand -y f parameters were 

chosen to give a total normalization of a3 ( (J) / at3h. ( (J) = 3.0 for the exp eory 
12 

C target. This was a rather arbitrary procedure, as only the magni-

tude and not the shape was changed when -yi was varied with -yi < 'Yf• as 

previously discussed. A much smaller normalization of approximately 

.005 would have been obtained from the PWIA. 

Columns 6-9 of Table v:..1 give theoretical predictions for the (3, 'I 

parameters based on a.-nucleus optical model potentials and relations · 

II-38 and II-39. The theoretical (3. and 'I· for 
24

Mg, 26Mg, and 
28

si 
1 1 

targets are calculated from the shallow optical model parameters given 



-132-

Table V-1. Theoretical and fit distortion parameters for the symmet-
ric angular correlations. 

Fit Parameters Derived Parameters 

Target p. 
1 Y· 1 pf 'if p. 

1 Y· 1 pf "Yf 

12c 1.30 .98 1.32 1.28 
160 1.30 .98 1.32 1.28 
24Mg 1.30 .98 1.32 1.28 1.46 1.16 1. 72 .822 

26Mg 1.30 .98 1.32 1.28 1.38 . 2.18 

28Si 1.30 .98 1.32 1.28 . 1.42 2.08 1.57 .929 
30Si 1.30 .98 1.32 1.28 
40Ca 1.30 . 98 1.28 1.28 1.45 1.25 1.62 1.28 
44Ca 1.30 .98 1.28 1.28 1.65 1.53 
66zn 1.30 .98 1.28 1.28 

'. 
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by Rebel [Reb 72] in the analysis of 104 MeV a scattering. The shal

low well of Hauser [ Hau 72] also taken with E a= 104 MeV was used for 

the theoretical 40ca initial state distortion parameters . 

24 .· 28 
The Mg and Si final state distortion parameters were calcu-

lated from an optical model analy.sis of 28 MeV alpha scattering [Sat 6-5] . 

40 ' 44 ' 
The Ca and Ca final state parameters were taken from an analysis 

of a -Ca elastic scattering at E · = 31 MeV [ Lipp 67] . A comparison 
a 

of the fit and predicted distortion parameters shows that the fit param-

eters are generally smaller than the derived quantities. This result is 

similar to (p, 2p) work using the complete McCarthy-Pursey wave func-

tions [ Deu 68, Mcc' 68]. 

It is interesting to examine the theoretical distorted momentum dis-

tribution of Eq. II-45 plotted as a function ofT 
3

. Such a plot for the 

16o(a, 2a) 12c(O.O) reaction at the symmetric angles of 28°, 35°, and 

42°' is given by the solid lines in Fig. V-7. The distortion parameters 

are those which ga've a best fitto the angular correlation data. The 

jq,
20

(g)l 2 reveals a strong peaking tendency at the quasi-elastic angle 

for the 0 + .... 0 + transitions. A similar plot of interpolated a-a eros s 

sections over the s~me T 
3 

and angle range also yields an inverted 

parabolic shape, which is much more slowly varying with angle. Con

trary to the I q,20 ({) 1
2 

behavior, however, the angular variation of 

CJ (T, 0) flattens as it approaches the quasi-elastic angle. The net re
aa 

sult is that calculations based on I q, 20 (~) 1
2 

predict a narrowing of the 

energy correlation as the quasi-elastic angle is approached from smal-

ler symmt:tric angles. The symmetric angle energy correlations from 

the 16o( a, 2a) 12c(O .0) and the 
24

Mg(a, 2a) 
20

Ne(O .0) data given in Figs. 



-134-

1 2c ( o. oo l + a 
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-DWIA 
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T3 (MeV) 

XBL733-2538 

· Fig. V -7. Plot of the the~2etical momentum 
distributi9n for the C(O.O)+ a. state 
versus T3. The DWIA with distortion 
parameters from Table V -1 and PWIA · 
( 13 i = 13£ = 1 . 0 and 'Y i = 'Y f = 0. 0) are com-
pared as a function of angle. · 
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IV -10 and IV~ H revealed this idendcal behavior: a narrowing of the. 

energy" corrEa~ti~n as' a ~ynim~t~ic q~asi~~lastic angle is approached. 

The dashed. l~es in Fig.<; v~ 7 give the PWIAprediction for I <l>z{f> 1
2 

and: the zgo· PWIA result is ~een-to be very different from the 28° DWIA 

predicti'on_which does fit the data(cf. solid'lines in Fig. IV-10). The 

conclusiori is that the dl.storted momentum distribution does account 

for .the systematic energy correlation behavior, and that the PWIA 

counterp~rt would faiLin describing the systematics. Lo Thus, as in the 

precedin·g· section concernin:g the interpolation method for free a-a 

cross sections, the simple statement of the DWIA in Eq. (V -1) has per

mitted the identification of significant experimental observations with 

specific terms' ih ·this ~quati.on. 

Thus the DWIA has been shown ·to have at least three significant 

advances over 'the PWIA: first, the predicted cross section is much 

smaller than the PWIA; second, it has accounted for the narrowing of 

the energy correlation as the quasi-elastic 'angle is approached; and 
- . . 

third, by varyin~(the distorti.on parameters, reasonably good shape 
. . . 

fits have been obtained for the various correlations. The successes 

of the last two s~ctions give confidence in using V -1 for. further data 

analysis~ 

4. Radial wave function' 

The bound state radial . wave function was introduced in Sec. II.G. , 

.. . - 2 . . . . 
and is part of the __ I<PNL(s) I cakulation. ·· A summary of parameters 

and investigations us.ed to determine the RNL(_p) is given here. 

Orte may question the uniqueness of Eq. (II-47) in determining N, 

the number of radiai nodes in RNL(p). An alternative proposal 
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·. ±h.e h~rtnonic 9~cill~tot · raqial wav¢ f~nd!i~ns. ~~re also investi

gated -~~·a poss.ibiUty for;: calculating the theoietical hiohient'uin distri

butio:ri. 1:'h~ radi~l harm9nk ~scillaior wa~e function given in Fig. V-8 
- .... w' 

.- ·:... .. ~ 
·. . .'. . " ' . ·. . . ~ . . ' - . ., .. ~ :.: . . . . ·.. . . ·. . . . . ' : . ~ ~- .. . .... . 

has osCillator ..:onstant equal to . 75, and it is 'seen to approach zero 
.. : . ·, - -_ i .-. - -.·· ; - ... ._ . ; .. ·. - ' - i I~ ' •. ; ) . . . I J. I - -

m.ore i-apidly ~h~n the finite' well wave function at the largest ra<::lii. 
. ~-- -~. . ..... ·. . . : , , ·. .,.. . >, :· : .....,. •' .. ·.· ;_. ~ ·;:/ · ... ~ .. ' ·. · .. .' . . .. r 

·Predictions. based on ·-a-harrnonic oscillator wave function for the 
16,_·.<;12···· _-·- '· .. /./'C-.\.'.· .... -.-~t - - ~~ .. -.. · .• 

O(ci, 2q.)- .· G(O.O) J:norneD:tu~·~orrelatiop a;re nearlr id,entical in shape 
_ ·. · .. ··.··.- . ... . . · - · · . . I l ... ·' /- · · -t . '. · · · ·, · . · · 

with the'finite well wave function for..._q~ .5(fm) . , although the har-
-. . . . . . . .-.- . , _· I/_ ' : • -.~. . . . .. ·'' , : . -: .. .. i 

monies oscillator prediCte~ .an absolute magnitude 20% lower. · 
. . , • . . - ~ . t : I . 

Angula~· C(li'relatio~~. cal~ti~at~d ~ith krmonic -: o.st~llator :and finite 
_.,..r ,I 

well wave func;tio~s are g~ven in Fig~ ~ ~9. · The oscillator prediction is 
' J----. 'j -· "": .... 

similar to the finit~ .weh ~-ngul~~ correl.~tion:, h,ut'it pe~k~' at' a ~lightly 
. . . . .-.· ' - ' • ~ . ' . . .. ' ... . • • ). c 

In,ore forward angle anq the cross sectio_~ falls ;off faster at large an-
. . 

glee~ ,At tpe ·angular corr.~iation peak 'ili~\harr?onic os-cillator yielded 
: . ' •. ' ' :·· ,. . - ' :, . _.: -~·:.- ~: 'I' • ' ' . 

appr()J(:inicJ.~~ly 50o/o n19re> cross section tha:il; the finite ~~11 radial wave 
. . . :. . ~ ,. . . 

. . . , . I • 

function. The oscill<Ltor parameter used in Fig. V -9 was • 75: this 
• • ·. ' :, • • _1 

value wasd.e~ived byfitt~~ to the 
16

0(a., 2a)
12

C(O.O) daia. The distor-

tion p~ra~eters are ·constall;t in Fig. V-,9, and ar-e those whichgave a 

:best fit .to the data· using the finite .well wave -function. Subsequent cal-
-.: ·.,. . ..< L ·, •• , ••• • ~-·!·~,·~.··, . ~ '. ,'_:' f l.-1·.·~ .... ·1 ~ ~-~ • .J ::·· '• '.··... ' :' 

·. . ~ ~ .. · ~- . , . ~ • :r ' 
c1J,latioilf3. revealed that changing. the distortion parameters for the har-

'' .; . ', '· . ' ' '. • . . .... ' . ~ : •. ,. .; • •. : , . 1 . 

. monic oscillator radia.lwav~ function made the ·shape predictions poorer. 

As the finite ~.'ell w~ve ~urlctio:ri fit to the 1 (>0( a., .2a.) 12c(O .0) angular cor

relation (Fig:. · IV -16) is quite good, this analysis suggests· a preference 

for. finite well wave functio:ns . · 
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·Fig. V-9. Result for the 160(a, 2a) 12C(O.O) angular cor

relation using finite well and harmonic oscillator 
wave functions. The distortion parameters are given 
in Table V-1. 
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The most obvious conclusion of the boti.nd state wave function anal

ysis is that the predicted cross se~ti.on is not very sensitive to the 

bound state f~atures of the calC:~lation·.·. A large change in the angular 

· correlation is ':round when N. = 'o finite well wave functions replaced 

N f 0 wave functions, and it was discovered that the fit t~ angular. cor

relation shapes with N ~ 0 wave functions are inferior. Good shape fits 

could not be recovered by varying the distorted wave parameters. 

All future calculations, unless noted, have used finite well radial 

wave functions using Eq. (11-47) for. the nodal determination. Table 

V -2 summarizes the targets, bound state parameters, alpha separa-

tion energies, number of radial nodes based on L = 0, and the derived 

binding potential. These potentials are in reasonable accord with opti- · 

cal model parameters derived from alpha-nucleus scattering over a 

broad energy .range [Reb 72, .Sat. 65, Bar 71, McF 66] . The Coulomb 

radius used in these calculations is R = 1.44 A 113 . · . c 

5. ·Target mass''(~) dependence and surface localization in DWIA 

a. A dependence of DWIA 

In order to investigate the DWIA A dependence, a series of cal

culations for the 160, 28
si, 40ca, and 66zn targets were carried out. 

·Finite well wave functions with the nodal prescription of Eq. (II-47) are 

used; the alpha separation energies for determining the bound state 

wave function and reaction Q-values which determine the a (T, 8) are 
a. a. 

taken to be constants equal to +5.0 MeV and -5.0 MeV, respectively. 

Also, the distortion parameters are constant. The angular correlation 

results for this set of conditions are given in Fig. V-10. It is seen 
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Table V-2. Bound state parameters for the finite well calculations. 

. ro a Sep. energy v . 
(f£) Target (fm) (MeV) N (MeV) 

12c -1.30 . 73 . 7.369 2 68.8 

160 1.30 . 73 7.161 2 60.9 

24Mg 1.30 .73 9.316 4 109.5 

26Mg 1.30 .73 10.614 4 106.9 

28Si 1.30 • 73 9.981 4 104.1 

30Si 1.30 .73 10.650 4 100.9 

40Ca 1.30 • 73 7.041 4 8 7.5 

44Ca 1.30 . 73 8.846 5 109.4 

66zn 1.35 .73 4.558 6 109.2 
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Fig. V-10. Target mass dependence given by the theoretical 
prediction for the angular correlation. The diCtortion 
parameters are constant, and they equal the 1 0 values 
given in Table V -1. 
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that the curves are similar in shape and that they decrease regularly 

with increasing A. All tbe c~rves have a maximum at 31a symmetric 

angle. 

The A dependence of a nuclear reaction eros s section depends on 

whether the reaction occurs throughoutthe nuclear volume, on the sur-

face, or perhaps only on ari~g about the nucleus. If these three pos

sibilities are" normalized to the nuclear mass A, then the following A 

dependencies occur: 

Volume: (V -2) 

Surface: (V -3) 

Ring: (V -4) 

i.e., no A dependence of cross section for a volume reactions, as 

A-
1/ 3 for surface reaction, and as A - 2/ 3 for a reaction that occurs 

on a ring. Assuming the form 

(V- 5) 

one can derive the A dependence, the value of x, from the results of 

Fig. V-10. Taking a 3
(8) at the 31° maximum and plotting the four 

points available from Fig. V-10 a value of x from the linear equation 

3 
ln a (31 °) = in c + x ln A max (V -6) 

equal to -.56 is found. This result is intermediate between the sur-

face and ring model, and is consistent with the surface localization 

predicted by Lim and McCarthy [Lim 62, McC 62] • 
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Further A. dependence calculations were c'arried out with N = 0, 
. . 

L = 0 wave functions. They gave no A-dependence at the angular corre-

lation peak. This suggests that the localization is due to bound state 

properties rather than the re~~tion theC>qr effects. This interpretation 

(bound state proper't.ies) ot" ~~rfac~ l~.calization has been given to (p, 2p) 
" . . . . . . - ... ' ~ 

reaction calculations involving the p-orbital [ Lim 64) . However, there 

are several indications that this is not the case in the (a, 2a) reaction. 

First, the previous section showed that the N = 0 case did not provide 

as good a fit to the angular correlation as the N = 2 wave function. 

Second, since. the 62Ni(O.O) +ci relative wave function has N = 6 and the 

corresponding 12C(O .0) + a wave function has N = 2, one would expect 

the 66zn wave function to weigh the nuclear surface more strongly than 

the 160 wave function on the basis of bound state radial wave function 

arguments. This is tr~e si~ce the N ·= 6 ~ave function· has larger pieces 

of wave fu~ction at greater radii tha~· the N = 2 relative motion wave 

function. However, 'Fig. V~10 shows that the opposite behavior is ob

served: th.e predicted cross secti~n de~reases with A. Thus the N = 0 

wave functions seem to give an anomalous result. Perhaps this should 

not be too surprising since these wave functions did not fit the angular 

correlations. Hence, it is concluded that the DWIA predicts a decrease 

in u 3( 9) as A increases, and the decrease is most nearly characteristic 

of a reaction taking place on a ring. The next section shows still fur-

ther that the (a, 2a) reaction is occurring on the nuclear surfi!lce. 

b. Surface localization investigations with radial cut offs 

If the reaction is localized in the nuclear surface-as the previous 

discussion suggests-one might expect to be able to set the interior 

-. 



~-4j• ' "' 
.·'I;.. 

,;;.~ 'l ~' ,: !,,) '<··J 
c,! ' l 

;t 
,! ... '·" •' ~ '·1 

-145-

contribution of the DWIA matrix element to zero without changing the 

predictions. A series of DWIA calc~lations with a cut off in the radial 

integrals for the 16o(a, 2a) 12
C(O.O) angular correlati~n is given in Fig. 

V -11. Wave functions with N = 2 were used and distortion parameters 

were constant. The cutoffs used in Fig. V-11 are indicated by arrows 

in Fig~ V -8. For cutoffs up to 2.50 fm there are small changes in 

shape but very little change in magnitude. ·Furthermore, a cut off at 

3.10 fm is still very similar to the cut off at 2.50 fm in both magnitude 

and shape. However, at a cut off radius of 3.80 fm a factor of two de-

crease in cross section occurs. One may conclude then that the signi

ficant contributions to the cross section occur at radii greater than 3.1 

fm .. The radius calculated fr~m R =·· r 
0

A 1/ 3 for 160 with r 
0 

= 1.30 fm 

is 3.28 fm, which col'res.ponds to the half density point in a Woods

Saxon form. -This same result was obtained for 28si and 66zn cut off 

calculations, and the conclusion is that the nuclear interior has only 

minor effects in determining cr3 (B). This conclusion supports the A

dependence calculations of the previous section. 

Another test for localization can be made by going to the plane 

wave limit, and again examining the cut off effects in the radial integrals. 

Such a calculation is given for the 16o{a, 2a) 12
c(O.O) angular correlation 

. ..· 

in Fig. V -12. ·· The result is that the theoretical PWIA predictions are 

influenced to a larger extent than the DWIA by insertion of cut offs. 

That is, the PWIA cross section changes more rapidly no matter what 

cut off enters the calculation. This is a reasonable re-sult since the 

plane waves are not localized and thus are sensitive to the whole nuclear 

volume; this. again favors the localization of the DWIA to the nuclear sur-

face. 
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The 16o distortion parameters from Table V-1 were 
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Radial cut offs 160 (a, 2a) 12C(O.O) 

PWIA 

8 . ' 
,~ .· 

20 25 30 '35 

81= -e 2 

40 45 50 

X BL734- 26 55 

Fig. V -12. Effects of radial cut offs in the PWIA predictions 
for the 16o(a, 2a) 12c(O .0) angular correlation. The . 
same bound state was used in Fig. V-12 as in Fig. V-11. 
The notation for cut off radii is the same as in Fig. V-11. 

II 
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' '. 
. 6. DWIA predictions for experimental correlations 

• ' I - ' 

This section summarizes the DWIA fits to the various experimen-

tal correlat1ons. Summarizing the previous five sections, the theoret-

ical curves contain the follo~ing assumptions, approximations, and as: 

sertions: 

(1) the th~oretical calculati6ns are ave!aged .over the nominal 

(2) 

(3) 

and extreme angles of the detecting system; 

' ' 

th~ T f prescription for finding a aa(T, 0) is used; 

the fit parameters of Table V -1 are used in the phenomenolog-

ical dis'torted waves, and a combination of yi and Yf param-. 

eters were found which gave 3 I 3 . a (0) O'th {0) = 3.0 for the exp eory 
12 ' 

. C target; 

(4) finite well wave functions are u~;~ed with the bound state param

eters given in Table V- 2; implicit in this procedure is that the 

bound alpha is .in the lowest oscillator state; 

(5) experience with the phenomenological DWIA~because it ac-

counted for many aspects of the data-gives confidence in ex-

tracting relative spectroscopic factors. 

a. Angular correlations 

(i) Symmetric 

The fits to the ground state to ground state angular correlations 

are given in Figs. IV -15 to IV.- 20 for aU the targets .studied. The dis

tortion parameters were not changed from 12c to 30 si since the shape 

{its seemed to be acceptable without any adjustment over these masses. 

A small adjust·ment was made in l3f for the Ca and Zn targets to main

tain good shape fits. A summary of the distortion parameters is given 
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in Table V-1, and the corresponding bound state parameters are given 

in Table V -.2. The Coulomb radius parameter was 1.44 fm. 

Equation (II- 29) ·and Eq. ( 1) of AppendiX II show that a spectroscopic 

factor measuring the amount of alpha clustering can be defined by: 

(V -6) 

where 

(V -7) 

It has been mentioned that a rather arbitrary variation of the 'Yi param

eter yielded S = 3.00 for 12c. Angular correlation calculations for all 
a 

nuclei were done using parameters of Tables V-1 and V-2, and the ex-

tracted S . are given in column II of Table V -3. The errors indicate the a . 

limits af which the normalization is judged to worsen the shape fit. Due 

to the somewhat arbitrary and empirical approach to the determination 

of distortion parameters, the S should be considered as relative quan
a 

tities. 

(ii) Asymmetric 

The fits to the asymmetric angular correlations are given in Figs. 

. 12 . 8 . 16 12 
IV -22 and IV-23 for the C(a, 2a) Be(O.O) and the O(a, 2a) C(O.O) re-

actions. It was necessary to change the symmetric distortion param-

eters to obtain the fits in these figures; 13 f was reduced and 'Yi param

eter was adjusted to give, S = 3.0 for the 12c target. No further adjust
a 

16 ments were made to extract S for the 0 target. The values of the 
. a • . 

parameters are given in Table V -4. That small changes in the distortion 
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Table V -3. Summary of spectroscopic information from (a, 2a) 
and (3He, ?Be) ground state transitions. 

(3He, 7Be)a S a, b . . . 
a 

Target Symmetric Asymmetric Relative Theory 
s s a a 

12c 3.00±.50 3.00± .50 .3 .674 

160 3.50± .50 4.20± .60 1 .295 

24-:Mg 1.60± .20 

26Mg 1.00± .20 

28Si 1.00± .20 .3 .0044 

30Si . 70± .20 

40Ca .75±.10 .2 .0043 

44Ca .58± .10 

66Zn .90±.10 

a 
C. Detraz, H. H. Duhm, and H. Hafner, Nucl. Phys. A147, 488 

(1970). 
b I. Rotter, Nucl. Phys. A135, 378 (1969) . 

.: 
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Table V -4. Fit distortion parameters for the asymmetric 
angular correlations. 

Target ~· 1 ~f 'Y· 1 'Yf 

12c 1.30 1.26 1.18 1.28 

160 1.30 1.26 1.18 1.28 

parameters from the symmetric data are needed to obtain a fit is not 

surprising, since the symmetric angular correlation has considerably 

different kinematical conditions. The results of the asymmetric anal-

ysis are given in Table V -3. A value of S equal to 4.2 ± .06 is obtained 
a 

for 16o; and this value is greater than that given by the symmetric data, 

but is still within the errors • 

. ; 
b. Energy and momentum correlations 

(i) · Energy correlations 

The· 16o(a, 2a) 12C(O~O) and the 24Mg(a, 2a) 20Ne(O.O) energy corre-

lations are given in Figs. IV-10 and IV-11. The solid curves are the 

DWIA predictions, and the arrows indicate the T 
3 

value where T
3 
= T

4
. 

The theory correctly predicts the energy correlation broadening as the 

angular separation is symmetrically reduced from the quasi-elastic 

angle. This effect was discussed in V .A-4., where it was related to 

the distorted momentum distribution. The normalizations used in the 

angular correlations are also used for the energy and momentum cor-

relations. Consequently, the energy correlation predictions do not 

always exactly normalize to the data (cf. the forward angle 16o( a, 2a) 

12
C(O.O) data, and the 41° point in 24Mg(a, 2a) 20Ne). The center of 

I; 
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mass energy of the a-a system extracted according to the Tf prescrip

tion at the 22°-22° point in the 16o(a, 2a) 12c(O.O) reaction is about 11 

MeV. This is the energy of the broad 4+ resonance in 8 Be, and res-

onant behavior may be expected at this angle. Indeed, the experimen-

·tal energy correlation cross section is about a factor two less than the 

adjoining energy correlations, and is not characteristic of the other 

energy correlation shapes. Except for normalization, the DWIA energy 

correlation at this angle does fit the data. 

(ii) Momentum correlations 

12 Momentum correlations for the ground state transitions from C, 

16 44 
0, and Ca targets are givenin Figs. IV-12 to IV-14. The solid 

curves are DWIA predictions with normalizations taken from the angu

lar correlation data. Figure IV -12 for the 12c target shows secondary 

maxima at about .9 (fm) - 1 ; 'these do not match the observed data by an 

order of magnitude for these recoil momenta. It appears that the pres

-1 ent approximation theory fails to describe the data for q> .5 (fm) . 

c. Experimental distorted momentum distribution 

Equation V -1 shows that an experimental distorted momentum dis

tribution can be extracted from the experimental 0'
3(0) through the equa-

tion: 

... 2 3 ,<j>NL(£)1 = 0' (0)/((KF)* 0' (T, 0)). exp aa (V -8) 

A similar quantity is defined within the PWIA framework [ Riou 65], ... 
where £ is replaced by the recoil momentum q. The discussion of 

Appendix II has shown that the rii is a complex quantity, and thus a 

three dimensional plot is necessary to show the dependence of I<INL(~)I2 
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on Before such a plot can be ma:de, the -I~ I must be determined 

which require.s that the DWIA theory must be fitted to the data. Figure 

V-t3 shows a plotofi<PNL(g)j
2 

extracted from (V~7) with the 111 deter

mined from the scattering parameters of TableV -1. The ordinate is the 

- - . -2 
lm( I ~I> and the abscissa is the Re{j ~I>· The magnitudes of the l<i:N-L(~)I 

a~e given by the circles in the figures. The largest circle corresponds 

. - 2 . 3 
to I<PNL(~) I magnitudes of .9 (fm) or greater; the progressively 

smaller circles' correspond to I <j>NL(1>1
2 

magnitudes decreasing by .10 

(fm)
3 

step size. ·The Re( I "II) parallels the values of l<il from the PWIA, ·- ' but Iml ~I) has no meaning within the PWIA. It is noted that the momen-

tum distributions fall into bands characterized by the symmetric scat-

tering angles; these angles are marked on the graph. A general feature 
- 2 . ,. ·.· ' ' -

is that the I <I>NL ( ~) I become larger as the Re( I ~I) goes to a minimum; 

this is the behavior that would be expected for a o+- 0 + transition with--in the PWIA. Another general rule seems to be that the Im( I~ I) and 

Re( jgl) are inversely related. This relation was also noted in the 

12
c(a, 2ci)

8
Be(O.O) ·momentum distributions: it is not well understood. 

Figure V -14 gives a plot of the theoretically predicted momentum 

-distribution in the I~~ plane. The predictions fall in the same bands as 

those of Fig. V -13, as they must, since the band locus is determined 

only by the :'distorted" kinematics. The values of the theoretical 

I <I>NL (g) j2 
are plotted in the same w.ay as Fig. V -13, and with the in

elusion of Sa= 3.5, the same systemati.cs in the magnitudes of I<PNL(1)j
2 

are ob$erved. That is, I cj>NL( r>l 2 
increase as the Re( 111) becomes 

smaller and the Im( !gj) gets larger. Comparison of Figs. V-13 and 

V -14 shows that the DWIA describes quite well the magnitudes of the 

".''. 



--
~~ --

E 
~ 

-154-

Experimental 
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V -13. A plot of the experimentally extracted __.. 
1~- 12c(O.O) +a momentum distribution in the I£ I 
plane. The distortion parameters used in this plot 
are from Table V-1. 
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Fig. V-14. A plot of the theoretical__: 6
o-

12
c(O.O) + 2 distorted 

momentum distribution in the Is l .plane. The distortion 
parameters are from Table V-1. 
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distorted momentum distributions. 

It should be "emphasized than an experimental plot like V -13 for the 

16
o(a., 2a) 12

c(O .0) transition summarizes all the experime~tal data for 

' the ground state transition. For instance, the angular correlations are 
. . . ·. -+2 . ·,· -+ 

related to the value of' I cj>NL (£)I at the minimum of Re( I g I) as a func-
. . 

tion of angle. Also, the momentum and energy correlations as usually 

defined are related to any 'dne of the band~· in Fig. V -13 versus recoil 

momentum and T 
3

, respectively. 

d. Discussion 

The main thrust of Sec. V.A. 1 has been to discuss andjustify acorn-

paratively simple (a, 2a) reaction model. The quantity S • which is pro
a 

portional to the number of alpha clusters in the target nucleus has been 

defined in the previous sections, and the results derived by comparing 

the DWIA with symmetric and asymmetric angular correlations are 

given in Table V -3. ·Column four· summarizes the relative spectr·o

scopic factors deri~ed froma DWBA analysis of the (3He, 7Be) reaction 

.. ' 
at E3He = 30 MeV( Det 70]. The DWBA cross section decreased by two 

. 12 40 3 7 to three orders of magmtude from C to Ca. Since the ( He, Be) 

experimental cross sections decreased at a similar rate, the authors 

concluded that the alpha clustering probability remained constant within 

one order of magnitude. 
3 7 . 

The A dependence in the ( He, Be} DWBA 

calculation is at least 50 times more pronounced than the (a, 2a) A de-

pendence, as shown in Fig .. V -10. Despite these very different A depen

dencies,. the relative values of S extracted from the (a, 2a) and (3He, . a . 
7 Be} reactions compare quite favorably. The one exception is that the 

(3He, 7 Be) finds a relatively smaller S than the (a, 2a) for the 12c a . 

. . 
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target. 
·.·· 3· 7 •' ,· . . ··.·., . ,' . . 

The (He, _Be) authors [ Det 70] reported shell model spectroscopic 

. factors <:;alculated by H~ Yo~hida Jroni a f~rmalism outlined by I. Rotter 

[Rot 69]. The;; re~ults ~f that calcula:tion are given in column five of 

Table V -3~ Detraz and co-workers concluded that the shell model wave 

functions used in calculation of Sa were inadequate, and more a-struc

ture correlations must be present inthe wave functi~n to account for 

the datq., 

sion. 

The {a, 2a) reaction at E = 90 MeV makes a similar conclu~ 
a 

Recent workby Rotter( Rot 73] suggests that sums over intermedi

ate states ~y have very important influences on spectroscopic factors 

derived from heavy-ion transfer and/ or knock-eut reactions. The inter-

mediate states are those states which are allowed to have nonzero n, 1 

.val~es where n and 1 are the internal quantum numbers of the trans-

£erred group of nucleons. The assumption used in the (a, 2a) work is 

that rt = ~ = 0, ~nd that all the oscillator energy quanta have gone into 

thecenter of mass quantities, Nand L (cf. Table V-2). Model calcula-

tiona taking these intermediate states properly into account should be 

interesting,· as two independent experiments and analyses are in agree-

ment th~t the shell model predictions for S. cannot account for system
a 

a tic alpha transfers . 
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B. PWIA Interpretations 

1. Validity and application of the PWIA 

- . -If £ of equation (V -1) is replaced by the recoil momentum q, the 

PWIA is obtained: 

. (V -9) 

where the first two term~' of (V-9) are kinematics factors and the free 

alpha-alpha scattering cross section, and they are identical to Eq. (V -1). 

A considerable number of high energy (E > 150 MeV) (p, 2p), and (p, pa) 
p 

experiments [Jam 63, Gott 70~ Riou 65] have been analyzed within this 

'framework. Distortions are predicted to invalidate (V -9) [ Mc'c 62, 

Lim 62], and in particular the interpretation of I<PNL(q) 1
2 

as a "bil-
. . 

liard ball" momentum distribution of the knocked,-out particle within the 

nuCleus seems unlikely [ McC 62] . Nevertheless, there have been few 

alternatives to classifyand u~derstand three body final state reaction 

data. The pre·vious s~ctions have shown the use of a comparatively 

s~ple DWIA analysis of the ground state transitions, and the PWIA 

analysis is done for the present (a, 2a) data for two reasons: first, to 

extract information concerning the first excited 2+ states; and second, 

to make comparisons with (p, 2p) and (p, pa) experiments analyzed with-

in PWIA. 

If Eq. (V -9) is valid, then an equation for I<PNL(<i) 1
2 

analogous to 

I -12. I _.;.12 . Eq. (V -8) for cpNL(g) must hold, and the cpNL(q) extracted in such 

a manner must be constant for equal q' s extracted at different angle 

sets. A plot of I cp(q) J2 
vs. q is given in Fig. V -15 and is analogous to 

-Fig. V-13 where jcp(f}j 2 
was plotted vs. J!J. Pata taken at 25", 28",.35", 

.... 
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Fig. V-15. };>lots the experimentally extracted mo
mentum distribution versus the recoil momen
tum. The momentum dist:ributions are also 
given as a function of symmetric angle. 
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. 16 12 
41 o, 42°, and 4 7° symmetnc angle from the O(a, 2a) C(O.O) transi-

tion are. plotted, and the agreement of the. J <j>NL (q)j 2 
taken at different 

angles is quite good. Plots for several other nuclei were prepared, and 

similar-although generally-poorer-results were found. The solid curve 

in Fig. V -15 is a PWIA prediction with normalization equal to .00 5. 

Two pieces of information can be obtained from the experimentally 

extracted I <j>(q) J
2

. First, an effective number of' alpha clusters is ob

tained from the integration of I <j>(q)J
2 

extracted at the quasi-elastic 

angle over all values of q [ Gott 70, Kann 68]: 

. +oo 

Na = 4rr s I<J><q}J2 q2 dq. 

0 

' 

(V-10) 

Values of N extracted from the (a, 2a) experiment are listed in column 
a 

. :- . ' . :.· . . -1 
three of Table V- 5; these integrals were taken over q ~ .60 (fm) . 

This limit on q was set since Fig. IV -12 has shown that the DWIA fails 

12 . 8 . . . . 
to fit the C(a, 2a) Be(O.O) momentum correlation magnitude for 

I <il > .50 (fm). A reasonable interpretation is that the cross section in 

this kinematic region may be due to competing reactions, and thus 

should not be included in the integration of (V -1 0) for N . The associ
a 

ated error in the fourth column was arrived at by comparing the integra-

tion through the· error bar extremes with N . 
a 

Table V- 6 compares the N calculated from V -10 with the S ex-
. a a 

tracted from the DWIA calcu1ations. The N data are normalized to S 
a a 

24 
at the Mg target. The N values are in good relative agreement with 

a . 

the DWIA results, and this gives confidence that the N extracted for 
a 

the excited 2+ states listed in Table V- 5 are also good relatively. The 
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Table Y··5. ~utTltn<lry of information derived from PWIA analysis of the (a.! 2a.) data. 

(p, pa.) Theory 
Gaussian c s d e 

E N FWHM s s Residual X a. Error -1 Err~l Branching Error a. a. a. 
. Nucleus (MeV) ~fm} (fm) ratio 

8·Be 0.0 .99 :t .13 .46 :t.06 LOa .674 .759 .675 
Z.90 .94 :t.U .6 ::!:.10 .844 

1zc 0.0. .99 ' :t .18 .72 :t .07 i.Ob .295 .333 .296 
4.44 .Z4 :t.08 .40 :t .15 1.667 1.481 

zo . Ne. 0 •. 0 .36 :t .06. .58 :t.06 
1.63' '.13 :li.04 

ZZN~ 0.0 ~18 :t.03 .52.· :t .06. 
''1.28 .044 .:t .016 

24 . 
Mg 0.0 • 18 ·:t.04 .sa . :t.06 .0044 

1.37 .064 :t.020 

Z6Mg 0.0 .13 ±.04 .58 :t .14 
1.81 · .04Z ·':t .022 

36Ar 0.0 .13 :t.03 .58 :t .14 .0043 .0087 
1.97 .075 :t;025 

40Ar ·0.0 .082 z.030 .46 =!:.06 

62Ni ·o.o .zo :t.06 A6 :t.06 
1.17 

·' 
.034_ :t.018 

a -B. Gottschalk and S. L. Kannenberg, Phys. Rev. (C) 1• 24 (1970). 

bS •. L. Kanne~berg, Ph. D. Thesis, 1968 (unpublished). 

cC. Detraz; H. H. Duhm, and H. Hafner, Nucl. Phys. A147, 488 (1970). 

dH. H. Gutbrod, H. Yoshida, and R. Bock, Nucl. Phys. A165, 240 (1971); H. H. Gutbrod, 
H. Yoshida, and R. Bock, Nuclear Reactions Induced by "'le'avy Ions, edited by R. Bock 
and W. R. Hering (North Holland, 1970). 

eP. Beregi, et al.,· Nucl. Phys . .2£, 513 (1965). 

fD. Kurath, preprint (1973). 

s f 
a. 

.557 

. 713 

.235 
1.301 
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Table V-6. Normalization ~fNa (g! s.) derived from PWIA to 
Sa (g. s.) derivedfrom DWIA. 

s 
... ' Q 

Target . DWIA 
.. 

12c 3.00± .so 
'160 3.50± .so 

. 24 
.· Mg 1.60±.20 
26 Mg 1.00± ;.20 
28Si 1.00± .20 
30Si .70±.20 
40ca . 75± .10 
44ca .58± .1 0 
66zn .90±.10 

a Normalized to S ( DWIA) ·at 24Mg. 
Q 

.. , ' 

. a 
N 

Q· 

PWIA 

4.40± .58 

4.42± .81 

1.60± .25 

.80± .15 

.78±.17 

.56±.19 

.58± .15 

.36± .13 

.88± .28 
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integr;itions for the excited state N a. values were also limited by 

1
-1 ,'' .· 1 
q ~ 0.60 (fro)- . 

" ' + ' c' . ' . 

The 2 _states are more weakly excited than the 

g~ound states. It is therefore possible that competing reactions con-
, " . . '' . + . . 

tribute relatively more to the 2 cross sections than to the g. s. cross 

sections. Thus theN values for, the 2+:states given in Table V-Smay 
a. 

be upper limits~ 

The second derivable quantity is the I q,(q} 1 2 
width. This is dis

cussed for· (p, 2p) by Riou[ Riou 65] . The method employed here is to 

fit a. gaussian to the momentum distribution and then quote the full 

width at half maximum (FWHM) of the fit gaussian. These results 

from the (a., 2a.) experiment are listed in column five and the error in 

column six. The error is determined by noting the gaussian widths 

which give a worse fit to the momentum distribution, and then compar-

ing this value with the best fit. The most striking feature of this anal-

- . 
ysis is the constancy of tl:te widths as a function of nuclear mass; an 

exception is the 
12c residual nucleus in which case the momentum dis-

tribution width .is considerably larger than for the other nuclei. Figure 

V-16 shows a plot of the momentum correlation with the fit gaussian 

16 12 for the · O(a., 2a.) C(O.O) case. 

2. Discussion of PWIA results 

a. Effective number of alpha clusters 

Figure V-17 shows the results for theN PWIA analysis for the . a 

ground an.d l~·west excited (2+) levels. There is seen to be a strong 

decrease in N a from the 
12c target to the 30 Si target, while N a. is then 

relatively constant to 66zn. This is the same result as obtained for 

the ground state transitione~ in the DWIA analysis. 
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•. ,. 

· 
16o -.' 2c (o.o> +a 

FWHM=0.72 +0.07( fm)- 1 

0 
q (fm)- 1 

0.5 

XBL 734- 2653 
. 16 12 Fig. V-16. The expertmentally extracted Q_. C(O.O) +a 

momentum distribution plotted versus q. The solid line 
is the fit gauss ian. 



tj 

z 

. I. I 

1.0 

0.90 

0.80 

0.70 

0.60 

0.50 

0.40 

0.30 

0.10 

12 20 

-165-

Integrated momentum 
distributions 

f 

rHf 
. ''! 1 t 

28 36 44 
Target moss 

f= o+-o+ 

f= o+- 2+ 

52 
{A) 

60 68 

XBL734-2755 

Fig. V -17. Plot of the Na. for the ground and first excited 
states in the residual nuclei. The N a was calculated 

.with Eq. V-10, but with an upper limit on q. 
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. 12 16 . . . ··.·.... .. . 
The C and 0 nuclei have been studied experimentally and the-

oreticallyin t~rms of cluster stru~ture. Table V~5 lists branching 
... ·· . 12 . ·. •16 . . .. 

ratios derived from the· C(p, pa) and 0(:, pa) experiments at Ep = 160 

MeV, and these reac'tions are seen to foilow the same systematics as 

the N derived from the (a, 2a) e~periment. a. , 
. ; 3 7 . . 6. 
The ( He, Be) and (d, Li) 

a pickup :reactions [Gut 71, MeG 71, Det 70] have given evidence for 
' 8 .·. ,· . . - 8 

excitation: of Be(2.90) state greater than or equal to Be(O.O), and they 

. .· . . . •12 . ' . '.·._' . ' 
have also shown that the C(4.44) is three or four times more strongly 

populated than the 12C(O.O). This l~tter res:ult is quiteunlike the alpha 

knock-out experiments, which have indicated that 12c(O.O) is more 

strongly populated than the 12c (4.44) (approximately a factor of 4 in the 

(a, 2a) and 2-1/2 in the (p, pa). Numerous calculations [ Det 70, Gut 71, 

Ber 65, Kur 73] (d. last four columns of Table V- 5) have predicted 

that the d()minant parent ~f 16
0 in an a-cluster model is the { 1 t(4.44)+ a} 

rather than 'the { 1 t(o'.o) +a} configuration .. , 

The first· two columns of the theoreti~al predictions· are alpha clus

ter spectroscopic factors c~icuiated front ~imple. shell mqdel wave func-

tiona [ Det 70, Gut 71] based on a procedure given by Rotter [Rot 69]. 

The third colunm summarizes LS coupling shell model predictions 

[ Ber 65], and the fourth column gives spectroscopic factors calculated 
. . . 

from intermediate coupling wave functions [ Kur 73]. The conclusion 

from this latter wo.rk is that good agreement with Rotter [Rot 68) is ob-

tained, as is seen in Table V- 5. Thus several calculations predict a 

strong component of the {
12

C(4.44) +a} configuration in the 16
0 ground 

state in agreement with the a pickup reactions. The population of final 

states in 
12c from the 16o(a, 2a) and (p, pa) reactions, therefore, is not 

. ' 
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consistent· either with the (d~ 6Li) arid (
3

He, 7Be) results or with several 

shell m.odel calculations for alpha spectroscopic factors. This same 

16 .· . . . .·.. . . . . . 
O(a., Za.) result at E a= 70 MeV has been obtained by Kenefick [ Kene 73] • 

This difference in the two and three bod.y .final state results is interest-

··· . 16 · ... · ' ... :; . ' ' ' .. , ' 
ing since the· · 0 structure must be, constant, and thus the (a, Za) and a 

pickup reactions are appa~Emtly not equivalent probes for finding four 

particle clusters in· nuclei. There ~eems.to be no. simple explanation 

for this result, arid a theo~etical inve~tig~tion of the reaction mech~n

isms involved rh~y l:>e very enlightening. 

Thirelative Na from Table V-5 and Fig. V-17 can give some in'

formation conc~rning 'alpha clustering in theN = Z and N = z· + n nuclei; 

where n. = ne,{it~on number > o'. Enhan'ced elastic alpha scattering 

[ Oes 72] ,at elab > 90° has been systematically s~died for several nu

clei i~ the sd shell .. Earlier work postulated enhanced alpha clustering 

[ Sch 70] t() account for the enhanced' back ~ngle' alpha scattering of 40ca 

over 44ca [ Gau 69]. Systematics from the (a~ 2a) reaction are found by 
. . . ' ' . ·• '. . . .. ' .·· ;: . + + 

summing the N a for the transitions to the 0 and 2 states for the en-

tries in Table V- 5. It is seen that the 
24

Mg target is enhanced by a 

f f b · d h 26M · a. nd· that the 28sl· actor o Cl. out two as compare to t t; g target, 

. . 30 
target is slightly enhanced as compared to the . Si target. Finally, the 

40ca target is enhanced by more tha~ a factor o{2when compared with 

the 44ca target. These systematics are in fair agreement with the 

(a, a0 ) scattering [ Oes 72] if the enhanced elastic scattering is to be 

taken as indicative of enhanced alpha clustering. The exception to the 

(a, a0 ) expectation is the 24•26Mg(a, Za) reaction pair. Since the excess 

neutrons are not occupying a shell higher than the N = Z core, the (a, a0 ) 
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systematics would'pre'dict {again if enhanc~d back angle { a,o.o) scatter

ing is sensitive to alpha clusteri~g) constant alpha clu~t~ring in 
24

Mg 

.. 26 . 
and Mg. This tesuii: is not consistent with the (a, Za) results. Indeed, 

the 
24

Mg sumr.ned N' is erthanced over 26Mg lo about the same extent 
a 

as·· the 40ca :stimmed N a isov~r 44ca. Sine~ .the 24Mg{a, a
0

) and 

26Mg(a, ao) wer'e not ad~ally 'studi~d in the elastic. a -scattering [ Oes 

72], it would .se~m ~~'rthwhile to' study these targets to se~ if the {·a,a
0

) 

systemati~sfail in this case. The 28 • 30Si (a~ 2a) and 40• 44ca(a, ia) 

qualit~tivelyfollow'the {a, ao) systematics. 

The (~. 2a} data provide additional information which should be in-
. - . 

eluded in discussing the study of alpha structures from {a, a
0

) scattering. 

That is, the {a, 2a) yields the ,r~lative en~ancement of alpha clustering, 

and it would be interesting to see if this relative enhancement is suffi-
. . -~ 

cient to account for the back angle elastic scattering differences. For 
. . . :. :'•. ·. .· . . ... . . .. . . . . . 40 

instance, Table V -5 shows that the four neutrons outside the Ca core 
. . . .. :'· .:·' ..... : 44 . 

do not destroy the alpha structure of Ca, but rather reduce it by a 

factor of two. The question might be proposed: can a reduction of N a 

by two in 44ca account for the observed {a, a
0

) effect-s in these nuclei? 

b. Momentum distribution widths 

The momentum distribution extracted from 

I <P<cVI 2 
= cr 3 

(8)/{cr (T, 8) {KF)) exp aa 
(V -11) 

for the 16o{a, 2a) 12C{O.O) experiment is given in Fig. V-16. The solid 

_curve in this figure is a fit from a gaussian wave function {infinite bar-

monic oscillator) in q-space: 

,, 

.; . 
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~q) = exp [- i ( Ja )ZJ = exp [- i (a q) zJ (V-12) 

where J -!::' 0 has be~n taken [ Riou 65], 

q = 1/a 
a --

(V-13) 

-1 and the units of q are (fm.) . The ljJ{q) is not normalized. The Fourier 

transform of (V -12) is 
. ' . . 

.. ·[ 1 2]· 
ljJ (r) = exp - 2 { i) . {V -14) 

The FWHM val1,1es of the gaussian fits to the ground state momentum 

distributions are given in column five of Table V- 5. 

The half-widths at ! of (p, 2p) momentum distribution have been 

suminarized for target nuc,leipp to 
12

c[ Riou 65]. By assuming that 

the {p, 2p) momentum distributions are gaussian in shape, the FWHM 

of the gau.ssian corresponding to theJiaH-width at ~can be calculated 

from 

(V-15) 

e 
where (q.i) is defined as the half-width of a gaussian at ! of its peak 

-e-
height. Converting the (p, 2p) .momentum distribution width va.lues from 

[ Riou .65] tQ gaussian FWHM values (as quoted in Table V- 5 for the 

. . ~1 . -1 
(a, 2a) work), values of 1.05 (fm) and .1.26 (fm) are found for the 

10B d 12c 1 . . 1 an nuc e1, respective y. 

By comparing momentum distribution widths extracted from the 

(p, 2p) and (a, 2a) experiments, some interesting comparisons can be 

made concerning the motion of a bound proton and a bound alpha. First, 

a relation between the ·average proton and alpha momenta will be found. 



·- .. ·· 

._·,.:·· 

... .. -.. 
. " .. · " · .. -·~-' {, \ .. 

. . . ~'. 

. The ostillator.parameters: a·. and ~.a . of Eq~· (V . .;.f 2);:ar~ ·found by substi-
. • . . .· p a . . . .·. 

•. .. . -f . ' . . . : . . -1 
tuting (qFWHM)p = 1.10 (fil'l) and (qFWHM)a:: .55 (fm) in (V-1~) 

where ljJ(q) = 0.50. The~ v~lues 

a = 1~07 fm, .. p a = 2~14 fm (v -16) 

are found.,-: .Th.e- expect~tio~· value of q~ { q), is easily found by· using 
-· .. · : .. ;-;.. '' . 

the wave f'llnction (V -12) in ~alculat~ng ·. ( q) : 

(V"' 17). 

Therefore, the-average ·values,C>f the proton and·alpha m 0menta are· 

·: .. : 
...... ·.>'.: . . •.: '. 

. ~. . · ... ~1. 
, (q) P. = .527 ·(fmf · . - . ~- ' . 

and .. (V -18). 

(q ) . = .l64 .(fm)-i 
a.. . , . 

. (q) ·• =i(q,)a . 
.. · p . .· . . 

(V -19) 

Thus by comparing. the momentum distribu:t'iri~ ·widths obtain~d 'from 
. .. . . . ~-~ . . . 

the (p, 2p}and. (a• 2a) reactions within. the PWIA framewo-rk,. the average 
. ; \ . 

. . value ~of the ·rn·oton momentum is seen to be_ tWice ~he average alpha mo-

.; menttfm• Given th~ average il:l()inenta of Eq~ (V :-18) the velocities cor-
. ~ .. 

responding to .these a~erages can be calculated from the r~lation. 
•., . ·, .. 

. . 

·artd 'the re~~lts ·are': 

; ..... <.·· 
.... ·• • • .:·1 .• 

... ·.···· 

v 
(f3) - c 

•' 
.. f .. 

.. < .. 

. .: ~ . 

.-.~ . ·me·· .· 
(V-z'O) 

·'. 

. •'-
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(i3)p=.11 =·average proton veloCity 

( j3 ) = .014 ~ average alpha velocity . 
. · a 

(V-21) 

A second point is made by comparing Eq's. (V-12) and {V-14). 

Since a > a the alpha momentum space wave function is niore 
a p . 

peaked about q = 0 than the proton momentum space wave function. 

However, the opposite is true for the coordinate space wave functions: 

since a > a the alpha coordinate space wave function is more diffuse 
a. p 

than the proton coordinate space wave function. Carrying out the anal-

ysis of V -17 in coordinate space the expectation of. r, ( r ) , is found 

00 

( r ) 

Sa llJI{r)l2 r dr 
a 

= = -·-
"" ...;;-s llJI(r) 12 dr 
0 

(V- 22) 

from which 

( r) P = .604 fm 
(V- 23) 

( r) a = 1.21 fm. 

The picture from this analysis is that bound alpha particles move much 

slower and at a greater radius on the average than a proton within the 

nucleus. 

.. 
1 
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VI. Summary 

. . ' . <· 

A sy~tematic stUdy 'of th~ (a., 2a.)' reaction atE = 90 MeV has been 
. . ' a 

compl~ted. This i's the first instance ~f s'ystematic' work directed to-

' . 
wards using a three' body final state reaction for spectroscopic pur-

poses inin~s·s regi~ins oti.tside of the: OsOp s.hell. · .. "Spectroscopic 

purposes" ·means that· s'uffici.ent en:eq~y resolutio~· has been achieved 

to identify discrete low..:ly{n.g states, if they are populated in the (a, 2a.) 

reaction. The introd~ctiori to this work' pointed out that alpha cluster-
.. . .. ' . 

hig and the role of the alpha particle in nuclear structure has long been 

a topic. of interest in nuclear physics. One reason for the recent in

creased interest in: alp~a clustering and clu~tering in ge:neral is that 

the shell model description of ~·orrelate'd or multic:particle, multi-hole 

states is ~complicated ( Bri. 66] . Nucleon clustering provides a phys

ical picture of ~orrelatio:ns, ·and it also provides a differEmt frame

~6rk for und~r~tanding ·nuclear properties. The introduction also 

mentioned several experimental techniques for gaining further informa-

tion about four partiCle correlations, and historically it is time to in-

vestigate knock-out coincidence experiments as another source of spec-

troscopic information. 

The third section of this work relates the coii].cidence technique 

for obtain;.ng the (a., 2a.) data. Surprising differences between various 

aspects of two and three body final states were discussed, and these 

differences were generally related to the dissimilar kinematics. Prob-

ably the simplest wayto remember these kinematic effects is that the 

. . 



-173-

recoil energy in these three body final state experiments is generally 

much less than the corresponding two body experiment. This section 

also discussed a correction for. the kinematic band present in the 

Dalitz pl~t 1n order to realize the best resoh~tion in the T 
3 

+ T 
4 

pro-

' ' . 

jections •. Th~s correction was made off line and is possible because 

data are tt;l.kEm event by event. This procedure permitted identification 

of several weakly excited states whiCh might'have otherwise gone un-

rioticed. ' : 

Experimental results were summarized in Section IV. Several 

interesting systematics of .the (a, 2a) r·eaction were pointed out. These 

include a stro~g prefer;ence for ground state to ground state transitions, 

a characteristic angular correlation pattern for these transitions, and 

' ' 

a systematic broadening of the energy correlation as the symmetric 

angle moved away from the quasi-elastic angle to more forward sym-

metric angles. 

The final part discussed the experimental results iri terms of a 

phenomenological DWIA and PWIA theory. The DWIA theory was con

structed for' o+-+ o+ transitions, and was seen to do a remarkably 

good job in describing many features of the three body· experiment. In 

order to find the best fits it was necessary to vary the distortionparam

eters; however, upon finding a good fit to the 16o(a, 2a) 12C(O.O) data 

the parameters were nearly constant for the remaining nuclei. The 

final fit parameters of the McCarthy-Pursey wave functions were con-

sistent with the choice of (p, 2p) parameters using similar wave func

tions. An, absolute p.ormalization to 12c was found such that S =3.0, 
Q 
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and spectrosc?pic factors were extracted for the remaining nuclei 

based. on this ·normaiizati6n. These agreed rather well in a relative 

' . .: .·. . ' . ', . . 3 7 
sense with the S extracted from a DWBA analysis of the ( He, Be) 

a 
. ; . -~- . . . 1 6 3 > 7 1 2 . 1 6 

reaction. Different results in the 0( He, Be) C and the O(a, 2a) 

12c final ~tate population have been discussed..' The alpha pickup's 

: . " '·12 . . . . . .· .· 
excited the C(4.44) quite strongly compared to the ground state while 

the opposite behavior was observed in the (a, 2a) reaction. The PWIA 

theory was used to describe the relative population of the ground and 

first excited z+ states, and to extract certain average properties con-

nected to the momentum distribution. The PWIA seemed to give spec-

troscopic information that agreed with the DWIA in a relative sense, 

although it was seen that the DWIA accounted for several experimental 

features in which the PWIA failed. The problem of detecting alpha 

particle enhancements by (a, a
0

) scattering has been discussed with the 

(a, 2a) PWIA analysis, and certain questions have been proposed for 

the (a, ao) scattering. 
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Appendix I.A. 

A derivation leading .to relativistic expressions for various kine-

. matical quantities pertinent to three-body final state is givenhere. 

The notation is that of Fig. II-1 . 

The four vector 

(1) 

can be decomposed irito . 

( 1) total·· energy conservation 

(2) 

and 

(2) three mozrtentum conse;vation 

(3) 

where· 

2 2 . 2 4 2 
E.= (cp.) +m.c and E .. =T.+m;c. 

1 1 1 1 1 1 
( 4) . 

The general procedure is to reexpress E
5 

in Eq. (2) by using the sca

lar product of Eq. (3). All calculations are carried out in the lab sys-

tern, so 

and 

Equation (2) can be rewritten with the help of Eq. (4) as: 

2 22. 24.! 24 24 22 
(E-E

3
) - 2(c p

4 
+ m

4
c ) 2 (E -E

3
) + m

4
c - m

5
c = c p

5 
( 5) 

The scalar product of (3) leads to 

( 6) 
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where 

Substituting .(6) in (5), expanding, and grouping in powers of (cp
4

): 

' 2' ,., .· 2 . ' ' ' ' 2 
(cp

4
) [ (E-E

3
) .:. (cp

1
cos8

2
-cp

3 
cose

12
) ] 

,. ' : '' ' ' 2 4 >' 2 ' 2 
+ (cp

4
)(2A)(cp

3
cose12-cp

1
cos82) +m

4 
c (E-E

3
} -A =0 ( 7) 

where 

Use of the metric 

P2=E2-1~12= (E1+E2}2-(cp1)2 

2 2 4 
= 2E 1 E 2 + E 2 + m 1 c 

has been made. 

By examining Eq. (7} it is noted that a value. of cp 
4 

can be calculated 

given a value for cp
3

. ·This is done by solving the quadratic equation 

ax
2 + bx + c = 0 

where 

' ' ' . ' 2 ' 2 
·a =·(E-E

3
) - (cp1 cos8

2
- cp

3 
cose

12
). 

b = 2A (cp
3 

cose12 - cp1 cos82) 

and 

2 4 ' 2 2 
c. = m

4 
c (E-E

3
) - A • 

Thus a formula yielding an expression for the relativistic momentum 

of particle 4 given the momentum of particle 3 is the general solu

. tion of the quadrat:dc equation: 

-b±Jb2 -4ac cp -4- 2a 

2 For a real 3olution to exist, b - 4 ac ~ 0. 

;ij 

.. 
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Two solutions exist (the double-value case) when 

.J 2 
-b - b - 4 ac ~ o . 

In all kinematic r~gions investigated in the present (a, 2a) work, the 

one solution (- b + .J b 2 -4 ac;) case prevailed. 

Upon solving for cp 
4 

many other kinematical quantities are readily 

calculated. Those of interest to this experiment include the kinetic en-

ergy of particle 4 (T 4).' the summed kinetic energies of particles 3 and 

4 (T 
34 

= T 
3 

+ T
4

), the kinetic energy of particle 5 (T 
5
), and the recoil 

momentum cp5• Also calculated is the momentum change suffered by 

the incident p'article. This 3~momentum transfer is given by 

....... ' ~ -+ 
cpt = cp1 - cp3 

Summarizing, the complete solution of the three body kinematic 

problem restricts solutions of T 
4 

to lie along a curved line as T 
3 

varies. Examples of kinematic calculations in the T 
3 

vs. T 
4 

and T 
3 

vs. T 3 + T
4 

plane are given in Fig. II-2. 
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Appendix I.B. 

The derivation of the quasi-elastic angle is given. Since, by def

inition of the quasi-elastic angle T 
5
= 0, the problem can be reduced to 

a two body inelastic problem. The inelasticity is due to the binding 

energy of -the knocked out pa~t~cle to the core. First, a non-relativistic 
·.'. 

derivation is given, and a relativistic derivation is indicated. 

(1) Non-relativistic 

The scattering process for the (a., 2a.) case is viewed as an inelas-

tic collision of two alpha particles: 

where Q is the binding of (core + a.) in the 3- body system. In the lab 

system 
-I-

!>2 ='P =o - 5 

and T 
2

; 0 

so the non.:.relativistie equations for the conservation of momentum 

and energy ~re 

(1) 

and - - -P1 =p3+P4• (2) 

Substituting T. = p~/2m. 
1 1 1 

in Eq. (1) 

and subsequently replacing l -p1j2 

one obtains 

-, 
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Substituting the non-relativistic relations for jp
3

j and jp
4

j and recog

nizing 9 quasi-elastic = 9Q.E.= 912/ 2 for the symmetric angle case, 

the result is: 

. cos~ 9Q.E. = 
-Q 

or taking T 3 = T 4 

9 ' 
Q. E. ~ [arc cos <i~3 ~ . (3) 

( 2) · Relativistic 

Total energy consetvation is expressed as E
1 
+ E

2
+ Q = E

3 
+ E 

4
. 

However, in our (a., 2a.) case aU rest masses of the particles are iden-

tical so this equation immediately goes over to the non-relativistic 
~ ~· ' .. 

case of Eq. (1). By finding the scalar product of (2) (which is true rel

ativistically) and eliminatmg 1 ~1 1
2 

from this equation by use of < 1 > it 

is found that 

Taking T 3 = T 4 and solving for cos29Q. E.: 

/2 ' 2 2 2 ' -2 
cos(29Q.E.> = (T 3 -2QT3 +Q /2.0:..ma.c Q)/(T 3 t2ma.c T 3 ). (4) 

It should be emphasized that these equations were derived explicitly 

for the (a., 2a.) case where 9Q. E. = B 12/2. It is interesting to take the 

non-relativistic limit of (4). In this c_ase T;'-0, -2 QT 
3

--. 0 and 

I, 
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. ; ·.: . 
2 . 

Q /2.0 .- 0. So (4) reduces to 
•.;. 

cos(28Q. E.) 

as in Eq. (3). 

2 -rn c Q 
= __ a....--·~ 

2rnac
2

T 3 

Considering the large angular acceptances in the 90 MeV(a, 2a) 

work, it is inconsequential whether Eq. (3) or (4) is used to calculate 

e0 . E.. It should be noted that the quasi-elastic angle in the non

relativistic limit is a function only of the binding. energy and T 
3 

where 

T 3 = T 4. 
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Appendix I.C: .. 

The non-relativistic derivation for finding the excitation of an un-
. . - . 

known peak h1 T 
3
+ :T 

4 
proj;ected spectrum is given here. The follow

ing conditions are lJuilt into the derivation: J1) T 3 =T4 , (2) Q (g. s.) 

is ~nown, (3} :p1
3

=m4, (4) T
3

+T 4 is known, and (5) angles are sym

metric and equal to e. 

Energy conservation requires 

(1) 

in the lab frame. Using the relation T. = p~/2m. and making the iden-
1 1 1 

tifications 

1 -+ incident a. 

3, 4 -+ detected a.' s 

5 -+ recoiling, undetected nucleus 

Eq. (1) becomes 

( 2) 

where 

2 The quantity p
5 

cari be eliminated from (2) by using the conservation 

of momentum 

(3) 

By taking the scalar product of (3) it is found 

2 2 . 2 
p 5 = 2p3 (1+cos(28))- 4cos(8) IP'1 1 li>3 1+p1 . (4) 

By substituting (4) in (2) and also making the substitution 

Q = Q - E. 
g.s. x 

( 5) 

,· 
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where· 

0<0 · for endothermic reaction 

0>0 for exothermic reaction 

the final expression is obtained 

E =0, +T
1

(1-u) 
X g. S. 

+ 4u ..J T
1

T
3

. cos0-2T
3 

{1+u(1+cos(20))}. ( 6) 
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Appendix II. 

The intent of this appendix is to outline the evaluation of the dis-

t d t d . t "b t" E (II 43) f a+ a+ t .. tor e momen um 1s r1 u 1on, q. - · , ·or .· -+ . rans1t1ons. 

The integral 

f«l -+-+ 

<!>NL (~) = NiN: s :. ei£. p fNL \p) dp (II-45) 
· . .; 

-00 ' 

where 

(II-45) 

is evaluated in polar coordinates. The Ni and N f of (II-45) are deter

mined in Eqs. (II-41) to (II-43). The radius of the nuclear surf ace 

used in these expressions is given by R = 1.3a >:c A 1/ 3 for (II-4a) and . s 

Rs= 1.30*. (A.:-4) 1 / 3f~r (II-42). The fNL (p) (Eq. (II-29) is quite sim-

I f 0 + a+ ·t·. • p e or a -+ trans1 10n: 

= S 1/2 RNO ( p ) 
a 

( 1) 

and the RNO(p) is normalized according to ( II~48). Furthermore, 

since £N0 (p). is isotropic no compli~ations exist in the 9 integration 

of (II-45) as outlined in Eqs. (II-32) to (II-34). 

The cj> and 9 integrations yield 

(2) 

where (3) 
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Thus the quantity ~~I is complex, and from Eq. (II- 44) it is seen the 
-+ • I g I is a function of the asymptotic momenta and the distortion param-
. . ' . 

eters; explicitly: 

( 4) 

= (a+ib) 1/ 2 . ··. .. .. .' ' 

The quantities a and b in (4)are obtained by substituting the f3 andy 

distortion parameters via Eqs. (II-'-44) into (4), and separating the 

resultant expression into real and imaginary parts. In the plane wave 

limit, b = 0 and 'f = k
1 

..., i
3

- k
4

, a purely real quantity. 

The square root of (a+ ib) is in general another complex number, 

i.e., 

!II = (a+ib) 1/2 = c + i b 

l"bl 
d . ( 5) 

The sign of b determines the sign of d; d itself is always ~ 0. The 

expressions for c and d in terms of a and· b are found in [ Ahl 66] . 

The result is that Im{jsl) may be and is in many cases negative. 

-Upon expanding sin( I~~ P) =sin [(c+id)p] in terms of trigonomet-

ric.and hyperbolic functions it is found that 

( 6) 

-.. 

... 
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where 

and 

AO = S RN0 (p) sin (cp) cosh(dp)dp 

p=O 

ao 

BO = S RN0 (p) cos(cp) sinh(dp)dp. 

p=O 

The final result needed for evaluation of I M 1
2 

in Eq. (II- 26) is: 

* .__. . -+ 

<I>No<;> <I>No<;> = 

2 4 
41TN. Nf S 2 . 2 1 a [ (AO) t ( BO) ] . 

c2 + d2 

( 7) 

(8) 

The quantities (A0)
2 

and (B0) 2 are evaluated by numerical integration 

of Eq. (7). 
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Appendix III. This. appendix is a listing of the free a-a cross sections 

used iri the impulse approximation theories. The energy given in the 

tables is the laboratory kinetic energy of the incident alpha particle, 

and the angle~ and cross sections are given in the center of mass 

system •. The data are taken from [Nils 56, Bred 59, Conz 60, Tom 63, 

Darr 65] . 

. .• 

.. 
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so.ooo teo. O·JOC\1) eo. coo 2'!.1)0000 
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Appendix.IV. This appendix provides a summary of the symmetric 

triple differential eros s. sections for the ground and first excited state 

transitions gi~en as 'a func~ion of T 3 (energy correlation). All 

quantities are given in the laboratory system. The results are arranged 

by increasing mass, and then by increasing excitation energy within a 

given mass. 
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45.56 

.. 
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n 
CMEVI 
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29.16 
32.44 
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39.00 
42.28 

.i 45.56 
' 48.84 

52.12 
55.40 
58.68 

I 
;j 
• 
~ 
l 
1 
I 

i 
.i T3 
; CMEV I 
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51.98 
55.26 
58.54 
61.82 

rcECOIL. "~ASS • 8 

EXCITATION ENERGY c 

. . 

A.M.U. 

o• C"'EVI 

. . 

SYMMETRIC ANGlE • . Z5 OEG. 

SJGIU STAT. ERROR 
C"'B/CCS~I**Z*MEVI' C~8/C~S~I**2*MEVI 

.Ct'56 .0180 
• 113to .0270 
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T3 
I MEV I 
2!5 oT4 
29.02 
32.30 
35.58 
38.86 
42.14 
45.42 
48.70 
51.98 
55•26 
58.~4 

. · 61.82 

1<1· 

i,' -· 

R£COTl "ASS • 8 A.~.u. . P.ECn ll MASS •. '8 Ae'loUo 

EXCtT&TtOM ENERGY • o. CMEVt EXCITATIGN ENERGY • o. C fOIEVt 
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I~B/IISPt••2*~EVt C 148/C C SR I .. Z*MEVJ ' ( MfV I .· · IMB/CCSRI**2•"i:Vt ·· (MR/CCSRI .. Z•14EVJ 

.01~6 ollC46· 
• C!39 
.046"1' 
.0510 
o10t;3 
.C991 
.10~5 
• C156 
.02lc;l· 
oCZ62 
.036S 
.·0029 

T3 
CMEVI 
25.74 
29.02 
32.30 
3S.~8 

38.86 
42.14 
45.42 
48.70 
51.98 
1!5.2!> 
58.54 
61.82 

25. T4 · .0116 
oOC89 . 29.02 • C318 
.0082 32 o30 .0223 
• 0086 35.58 . .C276 
o0l26 ' 38.86 .0626 
.0120 42.14 .C8l0 
.0123 45.42 .oc;o"'' 
.0105 48."1'0'·. • C209 
.. 0056 51.98 . ) .0141 
.0062 55.26 .C276 
.0073 58.54 o0223 
.0021 61.82 .C034 

IUCO.Il MASS • .· 8 &.14.U. 

EXCilATJON ENERGY • o. (MEV I 

SYMMETRIC ANGlE a lt7 . DEG. 

S 1 GA4~. STAT. ERROR 
CM8/(CSqi**2*MEVJ (148/CCSRI**Z*MEVJ 

.00~6 .0008 
· .oc~o .oou 

oCC93 .0016 
oC014 .OCl4 
.0114 .0017 
.Clt7 .00::!1 
.0122 .00111 
• CC53 .0012 
.oon .0013 
.con .0013 
.0026 .ooo8 
• 0005 • 0004 

... ~ . 

.. 

.0021t 
• 0043 
.oo 33 
.0037 
.0055 
.0063 
.0066 
• 0032 
.0026 
.0037 
.0033 
.0013 

!> ~ 

.. ' .. 
' 

' , . 

r·i:, .. 

a:i 

I .... 
..0 

"' t 



PECOIL MASS • 8 .A.M.u. ~EC11 Jl MASS • ll A.M.U. 
.~ 

''\~....,·· 

EXC IT AT ICN ENERGY • 2.CJo CMEVt EXC IT AT I'JN ENERGY • 2.qo C MEV I 
~'-SYMMETRIC ANGlE • 22 DEG. SYMMElRIC ANGLE • 25 DEG. '-~~ 

t~. ·. T3 $TGMA STAT, ERROR T3 SIGMA STAT • FRIHlR 
(MEV I ,,e,ccsRt••z•,evt CM6/CCS~l**2*MEVt C MEV t CMRIHSR l**2*~EV t CMB/CCSRI**2*MEVt '' '' 25.88 .0620 .0120 25.88 .0507 .ozoo ··L. 
2CJ.l6 .1058 .0160 29.16 oC955 • 0230 

il 32.44 .can o0140 32.44 ol104 .0270 """' .·,.. .. !5.72 o0Ci48 .0170 ];. 72 .1044 .0260 
3CJ.OO .0717 .0160 39.00 .1581 .0333 ~ 42.28 .0778 .0140 42.28 olll:3 .oz::.o 
45.56 .1009 .0200 45.56 ol2!;3 • 0270 . 

r· 
l'"' 
·.,._~ 48.84 .C754 • Ol'tO 48.84 .1~!3 .0270 

52.12 .C511 .0130 52.12 • oc; 85 .0240 
55.40 o. -o. 55.;40 oC448 .0140 0'1·, 

---~'-., 

I ... 
"' t;. 
-1 .. 

Q.ECIJIL MASS a 8 A .M.U. REC11Il M.~SS ,. 8 A,M,U. '~ 
EXCITATICN ENERGy • 2.90 CMEVt EXCITATTON ENERGY • 2.90 (MEVt 

SJMMETRIC ANGLE • 28 DEG. SYfi'METRtC ANGLE • 35 OEG. 

T3 SIG1'4A STAT. ERROR T3 SIG"'A . STAT. F:RROR 
("'I=VI c~elccsr.t••z•,evt CMB{CCSRt**Z*MEVI ("'EVI cMe/cls~t••z•~evt CMR/CCSRI**Z•MEVt 25.74 .02~2 .OC3C) 25.74 .05<;4 • 0067 
29.02 .Cit08 .OC49 29.02 .C872 .0091 
32.30 .0497 .oosc: 32.30 • C8.64 .0081 3;.se .CH5 .0063 35.~8 • C722 .0074 38.86 .o41t9 .0052 38.86 .0609 .0068 
42 .lit .C677 · .001:4 42.14 • Cl: l:l • OC71 
45.42 .07:!1 .0066 45.42 .06l:l .0071 48.70 • C~27 .0056 4flo70 • C872 .0081 
51.98 .C575 .0059 51.98 .1090 .0091 
!5.26 .Citll .0053 55.26 • oc;c;2 .0086 
58.54 .CC84 .0022 58.54 .0218 .0040 

i .. a:i ftrt 



T3 
IMfVt 
25.74 
29.02 
32.30 
35.58 
38.86 
42,14 
45.42 
48.70 
51.98 
55.26 
58.54 

[ .. ~ 

RECOIL M.ASS· • 8 A.M.U. ··RECOIL MASS • · . 8 ~.M.u. 

EXCITATtC~ ENERGY • 2.90 11'11 EV t EXCITATION ENE~GY • ·z.qo (ME\IJ 
SYMMETRIC ANGLE • 41 DEGo SYMMfT~lC ANGLE • 42 OEG. 

qGMA STAT • FRROR T3 SlGr>IA STAT. ERROR CMSIICSRt*•2•~ev~ 1~8/IIS~t••z•M~Vt "fMEV I CMB/CIS~I**Z•MEV»' 1~8/CCSR.t••z•MEVJ" .• C175 .oo .. o ,~.74 • ozcc; .0032 .C3t5 • 00'?3 29.02 o03~9 .0042 • C3-;,. ~007" 32.30 • C46l .0047 .C437 • ooeo 35.!i8 .C3t4 .0042 .0423 .0079 38.86 .041:! .0045 .0'!06 .0067 lt2.14 .C4C8 .0045 .0219 .00'56 45.42 • c 291 .0038 .0408 .0077 48.70 .02~1 .oo~a .C467 .0082 51.98 • C'!69 .0042 .C219 .• 0056 55.26 .0296 .0038 • 0131 .0044 58.54 .0044 .0015 

RECOil. MASS • . 8 A.M.U • 

EXCITATICN ENERGY • 2•90 CMEYJ 

SYMMETRIC ANGLE • 47 DEG. 

T3. SIGMA STAT. ERROR 
(MEV I CMB/CCSPI**Z*MEVI CM8/CCSRI**2*MEVJ 
25.74 .c1eo .0022 
29.02 .c2~2 .0026 
32.30 • 0267 . .0027 
~5.58 .Cl67 .0021 
38.86 .C1!!-l .oozo 
42.14 .0212 .0024 
45.42 .0225 .0024 
48.70 .C238 .oozs 
51.98 .czzo .0024 
55.26 .C286 .0028 
58.54 .0016 .0007 

·.~ . 

. 

t 
a:r-f 

I .... 
-..o 
00 
I 



. 
-;.t' ' "' f . ' .. ,;· ,~ ·, ~ 

T3 
~1'1fV I 
25.88 
29.16 
3Z.44 
35.72 
39.00 
't2.28 
't5.56 
't8. 84 
52.12 
55.40 
58.68 
61.96 

T3 
04E VI 
25.88 
29.16 
32.44 
35.72 
39.00 
42.28 
45.56 
48.A4 
52.12 
55.40 
58.68 

'; 
~=,·· 

RECOIL MASS * 12 

EXC)TATICN ENE~GY • 

SYMMETRIC ANGLE • 

SIGMA 
114 e/C C SP I **Z*MEV I 

- .C:!<;7. 
.1010 
.11~5 
.C866 
.16eo· 
.1840 
• 1!: 16 
.uss 
.c7c;4 
.0541 
.C144 

o. 

Q ecn IL MAS~ • 12 

EXCITATTON ENEPGY • 

SY~METntc ANGLE • 

SIGMA 
(MB/((~~t••z~~EVt 

4 
( 

.C3f5 
• 0783 
.c5aq 
.CA<i7 
.cc;zs 
.10:!8 
.1010 
.C<i!:3 
.0617 
.0505 
.0140 

A.M .u. 
o. CMEVJ 

19 DEG. 

STAT. !"RROR T3 
(MB/U S'!I**Z'"'eVJ Cl'fEVI 

.0180 i 25.88 

.0300 l 29.16 

.03ilQ ·'· 
' !2.44 

.02110 - . 35.72 
• 0350. 39.00 
.0400 42.28 
.0310 45.56 
.0360 48.84 
.0250 52.12 
.0270 55.40 
.0160 58.68 

-o. 

l.M.U. 

o. I MEV I 

25 OEG. 
T3 

STAy. F.RR'lR IMF.VI 
(H8/I(Sqi**2*NEYI 21.20 

.0140 24.36 

.0200 27.53 
oCl<;O 30.69 
.ozzo 33eAS 
.0210 37 .oz 
o0200 40olA 
.ozzo 43.34 
.0240 46.1:10 
.ozoo 49.67 
.0170 52~83 
.ouo 55.<;9 

59.16 

,., 

.. 

' RECOil M~SS • .liZ •• ,...u. l _-·t, :'.' 
. ' 

.-~·.· ~ 

EXCITATION ENEfiGY • ·o. 
-;..._,.. .. 

I MfVI 

' · SYMMETRIC ANGLE • 2Z DEG. f;_ ·l.· ·._.i·. -'~<' ""' 

SIGMA ·sTlf.·ERROR 
- t-·-

~;ctlo. ~ 

Cat.e II C SRI **Z*MEV I CMB/CI sctt**Z*MEVJ 
. l 

"·: 

.C~75 .0170 
. -

(,; 
.OitOZ .0180 
• C690 ell1BO ... ~-. 

"'--'" .C~17 .0180 
• 0373 • 01 so . 
.0575 .0200 ~~;-

.04U . .0170 

.0402 .OlSO .-.. + 

.0431 .0160 
• 0373 e0130 
.0230 .ouo .--~ 

I 
~ "< -.o 
-.o 
I "~ 

~ .... ' 

RECOIL MASS • 12 A.M.U. Ct. 

EXCITATION ENERGY • o. 04FVI . .. 

SYMMETniC ANGLE • 28 OEG. 
' -

SIGM~ STAT. EP.ROR 
CMB/((SP.I**2*~FVI . (148/(( SP.I**2*ME,VI 

• c ~.; 1 .0045 
o. .o • 

.C384 .0073 
o0671 .occ;6 
• 1C28 . .ol'!.q 
.os~9 .ouo; 
.1178 .0127 
• 11<;2 .012A 
.taco o0ll7 
.o6;a .ooqo; 
.czea .00(:11 
.0110 .0039 
• .0014 .0014 

~b 



~EC:OIL "1\SS • 12 A eM •'J • ~EC:'lll "4ASS· • 1'2 A.M.U. 

EXCITATICN ENERGY • o. (loiEVJ EXCIT~TICN EN~PGY = O. C fiEV J 

SYMMETRIC ANGlE • 35 OEG. SY~~~T~IC ANGlE • ltl DEGo 

T3 SIC:M.4. STAT. ERROR T3 SIGMA STAT • .FRROI!. C114EVJ CMB/CCS~)**2*~EVI (M8/CCS~I**2$MEVI ('lEV) (MA/I~s~•••z•MEVr· 1~8/CCS~J**Z*M~VJ 1.1.1.0 • 0219 .00411 21.20 .J~~6 • ()()86 
24.36 .02<40 • 0050 24. :».6 • 01.46 .0055 
·z7.~;3 • C4 28 .0067 27. 'i3 .02~1 .oo73 
~0.6CJ .C3<;6 .0064 30.69 .c:nz "·' .0075 33.85 • (6Cj9 .0085 33.83 .CS€6 oOlll 37.02 .1210 .0112 37.02 -- • C774 • 0127 .40.18 .162~ .0130 40.18 • 113\l .o1;4 i: .. 43.34 .1889 .0140 43.34 .1213 ·' .· • 0159 46.'i0 .1596 .0129 46.30 • 0711 .0122 49.67 .1189 .0111 49.67 • C418 .0094 
52.83 .0720 .0087 . 52.83 • c 188 .0063 I 
55.(f9 .Of 36 .0081 ~5.99 • C272 .0075 N 

0 59.16 • C073 .0028 
0 
I 

~EC"'IIL MASS • 12 A.M.U. RECOIL MASS • 12 A.M.u. 

EXCilATION ENERGY • o .• CMEVJ EXCIT~TI~N ENERGY • a. C MEV J 

SYMMETRIC ANGLE • 42 DEG. SYMMeTRIC ANGLE • 47 OEG. 

T3 .SJG~A STAT. ERROR T3 Slf.MA STA"' • ERROR 
(MEV) .CMBIC CSRJUZ*MEVJ CM8/CCSqJ**2*MEVJ (MEV I CMB/1 C sr; 1**2*"EV J · · 048/i CS~I**2*MEVJ 
2l.20 .0322 .OO'i6 21.20 .0205 .v045 
24.~6 .0146 .OC3B · 24.36 • OC<17 .0031 
27.53 .0166 .0040 27. ~3 .0010 .0010 
30.69 .0215 • 0046 ~0.69 .C020 .OC14 
33 .as .0400 .o0063 33.85 .oo8a .J029 
37.02 • C527 .0072 37.02 • 01C7 .0032 
40.18 .C683 .0082 40.18 .01~5 .0044 
43.34 • C683 • 0082. 43.34 • 0253 • 0050 
46.50 .C547 .0073 46.50. • 0097 .J031 
49.67 • C263 .0051 49.67 • CC5A .0024 
52.83 .0205 .0045 52.83 .0078 .0028 
55.99 .Cl85 .0043 55.<;9 .0166 .0040 

I' 

~ ·\ 
t\ .... 

'. 



'\~.:(~ 

1.\ 
~ 

~!...; ' 

T3 
(MEV I 
2:.. 88 
29.16 
32.44 
35.72 
39.00 
42.28 
45.56 
48.84 
52.12 
55.40 

T3 
(MFVI 
2S.A8 
29.16 
32.44 
35.72 
39.00 
42.28 
45.56 
48.84 
52.12 
55.40 

qfCOIL MASS e 12 

EXCIT,TIGN ENERGY • 

SYMMETRIC ANGlE • 

SIG'4A 
(MBI( CS~ t"'*2*11'EV I 

• c "Z!3 
.0902 
.C650 
oll!:S 
• cc;cz 
.0122 
.C\08 
.08!6 
• 04 !9 
• 0180 

RECO ll MASS • 12 

EXCITATION ENfRGY • 

·svM~FTRI( ANGlE • 

SIGMA 
(M8/(ISRI**2.MEVI 

.0309 

.0841 

.c1es 

.o~H 

.1038 

.0701 

.0533. 
oC841 
• C505 
.0112 

A ..... u. 

4.44 (MEV I 

19 DEG. 

STAT. I=~ROR · T:! 
CMBI((.Sqi .. 2*MEVJ'. CMEVI 

• 0190 . 25.88 
.0300 29.16 
.ozzo 32.44 
.0300 35.72. 
.03CO 39.00 
• 0240 42.28 
• 0210 45.56 
o0260 48.84 
.0250 52.12 
•. 0170 55.40 

A.M.IJ. 

4.44 ( IIIF:V I 

25 DEG. 

·STAT. ERROR T3 
(M8/ I IS~ 1**.2*MEVI (MEV I 

.0130 21.20 

.ozoo 24.36 

.0200 27.53 

.0180 :!0.69 

.0240 33.1\3 

.0180 37.02 

.0200 40.18 

.0210 43.34 

.0200 46.~0 

.0090 49.67 
52.83 

R.ECOIL 14ASS = 12 

EXtiTAfiCN ENERGV • 

SYMMETRIC ANGLE • 

<qGMA 
CM~/I(SRI**2•MEVI 

• c~ 32 
oC517 
.0575 
.C546 
• c2e1 
• C3A5 
.0747 
.0661 
.1322 

o • 

~ECOIL MASS a 12 

EXC IT AT ICN ENE~GY = 

SYMMETRIC ANGLE • 

qGMA 
CMe/IISPI**2*MEVI 

.C370 

.C438 

.C!:21 

.C4:?8 

.c5f:2 

.C575 

.C6~0 

.C479 

.C4S3 

.o3e4 

.0260 

II.M.U. 

4.44 C MEV I 

22 OEG. 

STAT • E~ROR · 
(M8/CIS~I**2~~e~J 

.0170 

.0180 

.0180 

.o1c;o 

.0130 

.0170 

.0200 

.0190 

.0260 
,..o • 

A.114.U. 

4.44 (MEV I 

28 OEG. 

STAT. ERROR 
tMB/IIS"I**2*MEVI 

.0071 

.0078 

.ooe~ 

.OC78 

.0088 

.00139 
• CC~3 
.0081 
.OOIJZ 
.0073 
.0060 

-1 

Gr~ 

I 
N 
0 
....... 
I 

-, 

I 
I 

-{~"'-' 

'\..-,, .. · 

\.,, .. 

"'·~' .... 

r .. 

(_, 

,, 
q~·-.... 

" ,; 

., 

t.,:, 

,. 
.~ ..... 



t< 
~· 

i 

T3 
01E\II 
21.20 
24.36 
27.153 
30.69 
33.85 
37.02 
40.18 
43.34 
46.50 
49.67 

. 52.83 

T3 
(MEV I 
21.20 
24.36 
27.'i3 
30.69 
33.85 
37.02 
40.18 
43.34 
46.50 
49.67 
52.83 

~ECOIL MASS • 12 

EXCITATICN ENERGY e 

SYMMF.TQ{C ANGLE • 

~IGMA 
;~B/IISPI**2•MEVI 

oC470 
.0261 
• 03S!i 
.o2~o 
~C261 
.c2az 
.0209 
• 02'10 
.0292 
.ozso 
• 0324. 

RECOIL MASS ,. 12 

EXCITATION ENERGY • 

SYMMETRIC ANGLE • 

!SIGMA 
(MA/CISP.I**Z*MEVI 

• 0127 
• 0137 
• 0049 
• 0117 
• 0117 
.0215 
.CC<iiJ 
.0068 
.0098 
• 0078. 
.OC8B 

A oM .iU. 

4o44 CMEVt 

35 OEG. 

STAT. FRROR 
1MS/CC~~1•*2*MEVI 

.oo10 · · 
oOOS2 
.0061 
.0049 
.0052 
.0054 
.0047 
.ooso 
.ooss' 
• 0051. 
.00158 

A .M.U. 

4.44 (MEV I 

42 DEG. 

STAT. ERROR 
(MB/IIS~I**Z*MEVI 

.003;:i 

.0037 

.0022 

.0034 
.0034 
.0046 
.00~1 
.0026 
.0031 
.0028 
.0029 

T3 
1"1EV i ' 
21.20 
24.36 
27.53 
30.69 
33.85. 
37.02 
40.18. 

; 43.34 
46.50 
49.67 

' 52.83 

T" 
I MEV I 
21..20 
24.36 
27.53 
30.69 
33.85 
37.02 . 
40.18 
43.34 
46.50 
49.67 
52.83' 

~tCOIL !'14SS =·. 12 A.M.U. 

EXC.IrATICN ENERGY • ·4o44 IMEVt 

SYMMET~JC ANGLE = -~1 OEG. 

t:IC14A 
· CMe/IIS~I**2*MEVJ 

.Cl46 

.co~3 

.C126 
• c 188 ' 
.c2;o 
.cce4 
• Cl46 
.0146 
• 0146 
.OC63 
.0042 

.·STAT • ERROR 
.(M8/ItSRI**2*MEVI 

· .oo::;~ · 
.0036 
.0051' 
.oon 
.oo6q 
.0042 

;: .. ' .003!5 
.0055 
.oo~s 
.0036 
.0030 

RECCIL MASS • 12 A.M.U. 

EXCITATIGN ENERGY • ·4.44 IMEVI 

SYMMETRIC ANGlf • 47 OEG. 

~IGMA 
I~A/IISDI**Z*~EV) · 

• CCBB 
• CC68 
.CC29 
.0020 
.0049 
.C068 
• C039 
.CC49 
.0010 
.0029 
.OC29 

STATe ERROR 
CMB/IISRI**Z*MEVJ 

.oozq 

.0026 

.0017 

.0014 

.0022 

.0026 

.0020 

.0022 

.0010 

.0011 

.0017 

'. 

crf 

I 
N 
0 
N 
.I 



. . . 

RECiliL ~ASS • 20 A.M.U. · RfCll IL '4ASS • zo A.M.U. . ....... -
EXCITATIQ~ ENE~CY • o. (MEV) EXCITATION ENERG·Y • · Oo ( li!EV) . . 

"'.::..~ 

.. SYMMET~IC ANGLE • 28 DEG. · SYMMFTPIC ANGLE • 35 OEG. ····:.-

T3 t"fG"lA stAT. ER:tOR T3 S I Gl~ A STAT. ERROR:.; 
CMEVt CMB/CCSRt**Z*MFV) (~8/CCSPte*Z*MEVt CMEV) (M!/ClSPt•*Z*MEVt CMB/CI~~l**Z~~Evt 
21.20 .cce~ oll020 . 21. 20 .0121 .0026 
24.36 .oce1 .0020 24.36 • c 1!2 o0027 
27_.~3 • 026': .0035 27.53 .0094 .0023 

.;'' .... ' 
!0.69 .czts .0035 !0.69 oC166 .0030 
33.83 .C422 • 004S n.as • C298 . • 0041 ~ .... 

''-'..:i 

37.02 · .04S'5 .0046 37.02 .C!85 .0057 
40.18 . • 06~0 .0035 40.18 .C828 .0068 j. 

,.j" -~ 

43e34. .OS17 .00'31) 43.34 .0773 .00(;5 
-;..,.__ 

46.50 .Cii4!" .oo51 46.50 • 0~7'> .00~6 

49.67 .0341 .0040 49.67 oC342 .0043 I 

52.83 .• C237 .0034 52.83 .C21'; .0034 N 

55.99 .0033 .oou 55.99 .0072 .oozo 0 1< ... _ 

!9.16 .oco~ .0005 59.16 .0005 .0005 VJ 
I 

;;.., 

RECOIL MASS • 20 A.M.U. RECIJ IL MASS = zo A.M.U. 

EXCITATION ENERGY • o. C,.,EV) EXCITATIQ~ ENFRGY • o. C ~EV t 

SYMMETRIC ANGLE • 1t1 · OEG. SYMMET~IC ANGLE • 47 OEG. 

T3 SIGMA STAT. F'RR.OR T3 SIG"4~ SlAT. ER~OR 

CMEVJ · CMB/CCS~J**Z*~EVJ C~B/CCSRI**Z*MEVI 
('1EVI CMB/1 1Sri**2HEV) CMB/IIS~I**2*MEVI 
21.20 ;.OC48 .0011 21.20 .OlC.8 .JCZO 24.36 .0043 • JOlO 

H.~6 • Cll7 • 0018 27.53 .oozo .vbo7 27;.«;3 .COS9 .0016 ~0.69 • C0!3 .OCC6 3J.69 • CC83 .OOlS 33.8;) .COLi .0006 33 .AS .0192 .0023 37.02 • 0045 • OOll 3-7.02 • C288 .00.?.8 40.18 •. 0025 .J008 40.18 .0414 .0033 43.34 .CC45 .0011 43.34 .o:ns .0029 46.50 .0023 .oaoa 46.50 .0200 .0023 49.~7 o • o. 49.67 • cc 83 • 0015 52. A3 .0015 .0006 52.83 .0117 .0018 !:5.99 • C013 .0006 55.«;9 .0043 .0011 59.16 o. o • 
59.16 -.0003 • OC03 

., s:-1 
··~· 



i\FCIJU. MASS • 20 AoMoUo IHCQ ll ~ASS • 2.0 A.M.U. 

EXCITATICN FNFPCY • lo63. (MEV) EXCITATTO~ ENE~GY • lo63 ("'EVI 

SYM~ETRIC ANGLE • 28 OEG. SY,..METR IC ANGLE • 35 DEG. 

T3 SIGMA STAT. ERROR.- !3 SIGMA Sn,T •. F.RR'1R 
I 14FV I C~B/(CS~I**2*~EVJ C 1'48/ C C SR 1**2*MEVI- C M FIJ l (MP./1 I SR 1**2*fl(EV I . l 1'48/( C SR 1**2*HEY I 
21.20 .oo 1-9 .0009 21.20 .00~3 .0013 
::!4.3'> • CCC9 ou007 24.3!-. • 0017 .0010 
27.'i3 .CC71 o0018 27.i3 .oooo; o0C05 
30.69 .0014 .ooca 30.69. • 0017 • 0010 
33.85 .0052 .0016' :33.85 .0011 .JCO!J 
37.02 .cc~s .0013 37. 02 .. • CC17 • ilOlO 
'tOolS .0014 o01l08 40.18 .. .0033 .ll013 
lt3.~4 .0066 .0018 43.34 • 0033 .0013 :·· 

lt6.50 -.0005 .0005 46.50 .COBB .0022 
49.67 oC038 .0013 -""··· 49.n · .coso • 0017 
'52. 83 . o •. : o. ... 52.83 .aoss .ll018 
55.q9 -.0005 • 0005 55.<;9 o. .·,. < o • I 

N 
0 
-~ 

RECr.TL MASS • 20 A ..... u. r< EC(]JL MASS • 20 A.M.Uo 

EXCITATION ENERGY • lo63 (MEVl EXCITATION ENERGY ·~ 1.63 (MEVt 

SV~~fTPIC ANGLE • 'ltl oer.. SY~METRIC ANGIE • 47 DEG. 

-n S tc~'1A STAT • ERROR T3 StG~A STAT. ER~OR 
(HF.VI CMB/CCSPI**2*~EVI CM8/((S~I**2*M~VI CMEVI CMB/((~~1**2*"'EVI CM8/C(S11**2*MEVI 
21.20 .00:!2 .oco9 21.20 • DO 13 .• 0006 
24.36 .0037 .0010 24.3b • co 10 ·• Joo:-
27.53 .0027 .ooos n.s3 .col3 .0006 
30.69 .coos .coos 30.69 .OCCfl o0004 
33.85 • CC24 .ooos 33.85 .oolo .ooos 
37o02 oCC24 .ooos 37.02 . .0003 o0003 
40.18 ~0021 • coca 40.18 o • o. 

. 43.34 .00~2 .0009 43.34 .C01B .0007 
46.5ll .CC27 .OOJS 46.'50 .0010 .0005 
49.67 • 0013 .0006 49.67 .0018 .0007 
52.83 .0043 .oou 52.83 .0018 .000"1 
55.99 • G003 .0003 55.99 o. o •. 

: 

cJ \n 
. .. ., . 



f;, 
flrtr1 

T3 
H4.EVI · 
21.20 
24t.36 
27.53 
311 .• 69 
33o8$ 
37.02 
40.18 
43.34 
46.!50 
49.67 
52.83 
55.99 

T3 
(!~lEVI 

2lo20 
24.36 
27,53 
30.69 
33.85 
37o02 
40.16 
43o.34 
46o'l0 
49.67 
52.83 
55.99 

RECOIL ~ASS • 22 A.M.U. 

EXCITATION ENEilGY = 0. CHF.V t 

SYMMETQIC ANGLE • 29 DEG. 

51CMA 
CNBIC t Sr< IUZ•MEV I 

• cost. 
.0130 
.0238 
• c~76 
o0429 
.0307 
.04~2 
.c5~2 
.C429 
.0!14 
oClliZ 

-.coca 

RECOil ~ASS a 22 

STAT. ERROR 
CMe/t(SRI**2*HEVI 

.002"! . 

.0032 

.00~3 
.001t6 
oOO'n 
.001t8 
.0059 
.0065 
o00!!7 
.0049 
.0038 
.oooa 

A.H.U. 

EXCITATIC~ FNE~GY • O. CMEVI 

SYHMI=TAIC A~LE • lt1 DEG. 

SIC~A 
CMe/CISRI•*2*MEVI 

.0114 

.CC89 
• CC71 
.00~5 
.CC83 
.oz~o 
• 0221 
.OH6 
• 01~0 
0 0077 
o ooc;a 
.0021 

STAT. I.:RROR 
"(MB/ ( C SR 1**2*MEVI 

0 0019 
.0016 
• 0015 
oll013 
• OC16 
.iJOZ7 
.0026 
.0023 
.OCl9 
o0015 
.0017 
.0008 

.T3 
CMEIII 
21.20 
21to36 
27.1i3 
30.69 
33.85 
37o02 
40.18 

i 43o34 
46.50 
49.67 
52.83 
55.CJ9 

l.l 
' ' 

n 
(MEV I 
21.20 
24.36 
27.53 
'30.69 
33.8'5 
37.02 
40.18 
43.34 
46.50 
49.67 
52.83 

.. 

R~~OIL MASS • '22 A.M.U. 

EXCITATION ENt=.RGY • 0. C MEV I 

SY.,METit fc ANGlE • 35 DEG. 

. S 1,C"1A 
(MB/CCSAI**Z•MEVI 

• Ctc;l 
.0168 
• COc5 
.0163 
.czed 
.c~c;z 

oC541 
.C3'i3 
oC453 
oC317 
.0182 
.0037 

RECOIL MASS • 22 

STilT. I:RROR 
CMBI( t SR 1 .. 2*MEVI 
· .oo~o 

o002A 
o001R 
.0028 
.0036 
.0043 
.0050 
.0053 
.0046 
.0039 
.0029 
•0013 

A .. M.U. 

~ - .• 1'<. ~ • r·. 

EXCilATIC~ ENERGY • O. fMEVI 

SYM'4FT"IC ANGLE • 47 DEG. 

SIG1'4A 
lMB/fCSRI*•2•,EVt 

.C02!, 

.00:?3 

.0007 

.C018 

.C013 

.0022 

.C024 

.0020 
• 0015· 
.C018 
.C024 

STAT. fRROR 
CM8/((S~I**2*MEVl 

.ocog 

.0009 

.0004 

.0006 

.0005 
• JC07 
.;)007 
.0007 
.0006 
.0006 
.0007 

~i 

I 
N 
0 
\}1 

I 

·r··e '", 

·'4::<.,~· 

(~ 

t:~ ... 
~~7 ... ::: 

~ ..... :. 
~ .. 

'·--

f"' ~, 
.'i.,.k . 



t' 
~::• 

T3 
P4!:Vt 
21.20 
24.36 
27.~~ 

30.69 
33.85 
37.02 
40.1!1 
43.34 
46.50 
49.67 
52.83 

t3 . 
(MEV I 
21.zo·· 
24.36 
H .53 
30.69 
33.85 
37.02 
40.18 
43.34 
46.'50 
49.67 
52.83 

•Hen TL "•16 SS • 22 

EXCtTATlON F.NERGY • 

SYMMETRIC ~NGLE • 

SIGt.4t 
C~B/I(SRl**2*MEVJ 

• 00!:4 
• co:n 
• CC84 
• 0046 
• C023 
.0054 
• 0031 
.0069 
• OC38 
• 0046 
• 0038 

R£C'1tl-MASS • 22 

EXClT~TTCN ENFPGY • 

5YMMETnJC ANGlE • 

SIGMA 
IHB/((SRI**2*~EVt 

• co a 
.0024 
.0024 
.0018 
.0046 
• 0021 
.ooH 
.0015 
.0012 
.C009 
.0043 

A.M.U. 

1.28 C~EVt 

28 OEG·. 

STAT~ F.~ROR 
(MB/I(S~t••2~MEVJ 

.oczo 

.0015 

.0025 
ellC19 
• 0013 
.oozo 
.0015 
.0023 
.0017 
.0019 
.oc11 

A.M.U. 

1.28 (MEV I 

41 OEr.. 

&TAT. ERROR· 
(MB/IISqf**Z*MEVt 

.occe 

.0009 
.ocoq 
.ooos 
.0012 
.aces 
.0010 
.oco7 
.0006 
.ocos 
.oon 

T3 
01 EV I 
21.20 
24.36 
27.~3 
30.69 
:n .as ·· 
37.02 
40.18 
43.34 
46.50 
49.67 

. 52.83 
55.99 

T3 
P4FVt 

~ECniL MAS~ • 22 A.M.U. 

. EXCITATTON ENF.RGY a 1.28 IMEVt 

SVM"4!:TCJC ANGLE • 3!5 DEG. 

S IGI-!A 
CMe/IJSRI**2*~fVI 

.co~J 

• OC51 
.ooze 
• CC42 
.0023 
.CC37 
.con 
• C079 
.0070 
• CG'56 
.C023 
.cooo; 

RECOIL MASS =.- 22 

EXCITATION ENERGY = 
SYM~ET~IC ANGlE = 

SIG"'A 
(MB/IISRI**Z*~EVI 

-~tAT. ERROR 
(M8/CISqi**2*M.VI 

.0021 

.0016 
• 0011 
.0014 
,;OulO 
.00!3 
e0C17 
.OCl9 
.0018 
.0016. ' 
.0010 
.oocs 

A."4.U. 

1.28 I II'EV t 

47 OEG .• 

·. STAT-• F.RRrlR 
I"'BICCS~I**2*~EVI 

21.20 . .0037 .OC09 
24.36 .0022 .OCC7 
27.53 .ooze .aooa 
~0.69 .COD • a c cs 
33.85 .C009 .0004 
37.02 .co::.J. • llC05 
40.18 .0022 .0007 
43.14 .co:H .JCCS 
46.'50 o. a. 
49.()7 .0024 .occ7 
52.83 .0022 .OCC7 

~· 

• . 

Ct-i 

I 
N 
0 

"' I 



I 

• ~r• 

.n 
04EV J 
21.20 
24. 31'1 
£7.53 
30.69 
~J.ac; 
37.02 
40.18 
43.34 
46.50 
49.67 
52.83 
55.99 

T3 
(MF.Vl 
H.?o 
24.36 
27."3 
30.69 
:!~.R5 
37.02 
40.18 
43.34 
46.50 
H.f>7 
'52.R3 
55.99 
59.16 

PfC1Jl ~ASS • 24 A.M.U. 

EXCITATICN~ ENFRGY = 0. CMEVI 

SYMMETRIC ANGLE • 28 DEG. 

STG~A SrAT. ERROR 
(~8/C(SRI**2*MEVI (MBICCS~I**2*M~VJ .cc:7 • 0018 

.CO<i7 .0018 
•Cl43 .oozq 
• C2t3 .0039 
.C298 .0041 .. 
.C3H .OOltJ 
.C:!:!8 .0044 
.0'•53 .oo:n 
• C:!44 .0044 
.c~~2 .0044 
.C218 .OC35 
.OC06 • OOOio 

RECGIL "1LISS • 24 A.M.U. 

EXCIT~TION ENERGY • o. CI'EVI 

SYMMETRIC ANGLE • 41 OEG. 

StGM~ STAT. I:RROR 
CMBIC CSR)**Z*fiiEV) (M8/((5~l**Z*MEVI 

• C1 14 • 0021 
.ooc;o .0019 
.CC59 .ool.s 
.OOf:3 .0016 
• 0107. oOC20 
• 02~2 .0030 
• Cl8R .ooz7 
.o1e1J .0021 
• CllO .oon 
.0094 .0019 
.CC67 .0016 
• OC59 .0015 
.OOC4 .0004 

T3 
(MEV I 
21.20 
24.36 
27.0::3 
~0.69 
33.85 
37 .oz 
40.18 
43.34 
46.~0 
49.67 
52.83 
55.99 

T3 
(MEV I 
21.20 
24.36 
27.53 
30.69 
33.A5 
37.02 
lt0.18 
43.34. 
46.50 
49.67 
52.83 
55.99 
59.16 

..... . ~ 

RfCOTL ~~SS • ?' A.M.U. 

EXCITATION ENF~GY ~ O. C MEV I .· 

SVMMFTRIC A~GLE • !5 OEG. 

·.' -SIGMA 
(M e1 H SR J.ir*Z*MEV I 

.c1e7 

.0143 

.CC76 

.0116 
·• CIS6 

.O:!c;2 
• 0432 
.0406 
.C379 
.02~2 
• 0174 
.CC27 

REC'1YI. MASS • 24 

EXCIT~TTGN ENERGY • 

SVM~ETRIC ANGLE • 

SIGMA 
CMBIC CS:li**Z*fiEVI 

• 0027 
.C024 
.ace:; 
• COZl 

o • 
• COL;6 • 
.0048 
.0029 
.0013 
• c 0 35 
.0019 

o • 
-.0003 

STAT. ERROR 
(M8/((5~1**2*MEVI 

• oc~q 
.0025 
.ootA 
.0023 
• 0030 
.0042 
.0044 
.0043 
.0041 
.0032 
.ocza 
.oou 

A.M.U. 

o. (MEV I 

47 DEG. 

STAT. ER.RrH~ 
(MR/li~"I**2*MEVI 

.vCC9 

.0008 

.0004 

.OOOR 
o. 

.0011 

.oou 

.ococ; 

.0006 

.0010 

.0007 
o. 

.0003 

• ffrf 

I 
N 
0 
-J 

.• .r· 
~ ....... 

·>~,...., 

..... 
•: ..... 
~~~ ' .... , .... 

'"'l.l'''" . 

""* 

~::-

'•":....._ 

c·· 
h,• . ·~ 



~;.-~ --I 

:J 

T3 
I MEV I 
21.20 
24.!<" 
27."i3 
3ll. 1,9 
33.85 
37.02 
40.1A. 
43.34 
46.50 
49.117 
52.83 

i3 
CMEVI 
21.20 
24 .• 36. 
n.r;3 
30.69 
33.8:; 
37 •oz 
40.18 
43.34 

. 46. ?0 
49.67 
52.A3 
55.99 

~fC~Il MAS~ • 24 A.M.U. 

EXCITATIO~ ENE~GY • 1.37 (MEV) 

SY~~FT~IC ANGLE • 28 OEG. 

S! G'~ 4 
C~Pf~CSRl*•2*fiiEVJ 

.oceo 

.oa~~ 

.r.oe6 
• CO'JO 
.000::7 
.CO~l 
.ooo 
.CCAO 
.o 115 
• C0f9 
• 0046 

RFCf'lll ~ASS a 24 

EXCITA!ICN ENERGY • 

SYfiiMETRIC ANGLE • . 
S'IGMA 

c~efiiS~t••z•~evt 
• co~ 1 
.0020 
.0039 
.0035 
.cozo 

-.0004 
oC004 

o. 
o •. 
.• 0039 
.C059 

-.0004 

STAT • F.R.R.OR 
I~R/IISP.I*•Z•MEVJ 

.0021 

.OC19 

.0022 
eOO~l 
~0018 
.0017 
.0019 
• OC?.l 
.0026 

· .aozo: ... _. 
.0016 .... 

·A.M.U. 

1·37 CMEV t 

u DEG • . 

STAT. ERROR 
I~B/II&~t••Z•MEVJ 

.0014 

.OC0'7 

.0012 

.0012 

.oco9 
o0004 
.oo04 

o. 
o. 

.0012 

.0015 

.0004 

T3 
(MEIIJ 
21 • .20 
24.36 
27.53 
30.69 
33.8~ 
37.02 
40.18 
43.34 

'46.50. 
'49.67 
52.83 
5~ .99 

T3 
(MEV I 
21.20 
24.36 
27.53 
30.69 
33.85 
37.02 
40.18 
43 •. 34 
46.50 
49.67 
52.83 

RECOIL MASS = 2~ A.M.U. 

EXCITATION ENERGY. • 1.37 IMEVJ 

SYMMFT~tC ANGLE'• 35 OEG .• 

·SIGMA STAT • ERROR 
(MB/( (~~J••24.fi'EVI CMB/ICS~I**l*MEVJ 

.cotz .0017 

.oo:n .0012 

.C036 .0013 

.CC4~ '~· .0014 

.0013 .iJOCA 

.cc8o .0019 

.0049 .oot5 

.co::3 .0015 

.oo~a .0016 

.0049 .001~ 

.0049 .0015 
o. o. 

RECOIL MASS • 24 A.M.U, 

EXCJTATTCN FNEJ(GY • '1~37 CMEVI 

. SY~METRIC ANGlE • . 47 DEG • 

SIGMA . S TA'T ~ ERRCI\ 
1MB/ c 1 ~P '••z•~ev t 

1C008 
' tMB/ClSRJ••z•MEVJ 

o'OOO!C 
oCOC5 

o. 
.cooo: 

o. 
•0011 
.0024 
.oou 

-.0003 
• 0013 
.coca 

.0004 
o. 

.0004 
·o. 

oOOO<; 
.OOOR 
.OOC7 
.0003 
.0006 
.ooos~ 

-. . .;. 

.-.·. 

c:-f 

I 
N 
0 
(X) 
I 



•;L 

RF.COIL 14ASS • 26 A .M • U • · •· ~ E C IJ Jl . MJI S S • 26 A.M .• U. 
c EXCITAT[GN ENERGY • o. . (MEV l EXCJTATICN ENERGY ~ ·o. flllEVl 

' -
SYMMETCJC A~GLE • 28 DEG. SYMMF.T~tC ANGLE • 35 DEG. '·· 

T3 SIGMA ST.4T. F.RIU'IR 
(, T3 ·. ~f(14A STAT. ERROR 

C M.EV ~ (M BIC I SP I **2*111 EV I CMB/C(SAl**2*MEVl (.MEVJ (M8/((~~l**2*MEVJ< (MR/ICSni•*2*MEVl 
~"'"' . 25.74 .0043 .0021 25.74 .C027 • 0019 \..., .. 

29.02 .0!21 .0059 29.02 • C1t8 .004~ 
32.30 • 022~ .0049 32.30 .01~2 .0047 (_., 
35.';8 .ouo • 0040 35. ::-a . .0202 .OO!:i2 
3!3.136 • 0182 • 0044 38.86 .O!t5 .0070 ,_:~ 42~14 .c2;6 .0050 42.14 .C283 .0062 
"5. 42 • ClC7 .OC34 45.42. .o;;:4 .00{:6 _,.. 48.70 .C182 .0044 48.70 .0175 .0049 ".;~. 

51.98 • COH .0026 51.98 .ooet .0033 
55.26 .0043 .0021 55.26 • ooc;s .0036 

I 58e54 • C032 .0019 58e54 .0013 .0013 N u.az o. o. .. 61.82. o. o. 0 '• 

"' I ....... 

"' 
"' ~:--~.,J 

Q.FCOIL MASS • 26 A.M .u. ~EC1IL MASS • 26 A.M.u. 

EXCIT4TI0"' ENFRGY • o. CMEVI tXClTATtC~ ENERGY • o. .fMEVl 

SY~MET•IC ANGiE • H DEG. SYMMETRIC ANGLE • 47 DEG. 
T:3 !>IGM4 STAT, ERROR T3 SIG"'A STAT. ERROR (MEV I (MB/(CSrl••z•~EVI (MB/CCSQl**2*MEVJ (MEV I CI~BIC ~~~ l**2*MEV I IM8/((Sni•*2*MEVI 25.74 .CClS • 0011 25.74 .OOC9 .OC09 29.02 • CC7.0 .0023 '. 29.02 .0026 .0015 32.30 .0023 .0013 32.30 oC0:!4 .0017 35.58 .C179 o0037 35.5R • 0017 .0012 38.86 oC171 .0037 i 38.86 .00:!4 • 0017 42.14 oC117 .0030 42.14 .CC68 .0024 45.42 • C 1 S4 .0039 45.42 .0017 ~0012 48.70 .0047 .0019 48.70 .0017 .0012 51.98 .CC47 .0019 51.98 .0017- .0012 55.26 .00:!9 .0017 !!5.26 .0009 .0009 58.54 o. o. 58.54 o. o. 

lt 

eri t. --· 



~. 

•••• -· 

T3 
(MEVJ 
25.'74 
29 .oz 
32.30 
35.58 
38.86 

·42.14 
45.42 
48,70 
51.98 
55.26 
58.54 

T3 
I MEV I 
2';. 74 
29.02 
32.30 
35.58 
38,A6 
42.14 
45.42 
ItS, 70 . 
51.98 
55.26 
58,54 

~ECClll MASS • 26 A.M.U. 

EXClTATT~~ f.NF.PGY • 1.81 I MEV I 

5YIIIMElRIC ANGLE • 28 OEG. 

~ I04A STAT. ERROR· 
(MBICCSRI**Z•~EVJ (~811CSqi**2*MEVJ 

.0011 .oou 
• cot:4 .0026 

· .• CC54 .• 002lt 
o. o.· 

.0021 .0013 

.C096 .oon 
· , COE4 · .0026 

.0086 .0030 

.C075 .oo28 
,0054 .OQ24. 

o. o. .. 

~ECOIL MASS • .26 A.M.U. 

EXCITATION ENE~GY • le8l (MEV~ 

SYMMETRIC ANGLE • 41 DEG, 

SIGH~ 

IMi!l( I SRI **2*MEV) 
o • 

• co::1 
.oo::1 
.0023 
.COH 
.cct:2 
.0016 
.0023 
,0039 
.0023 

o. 

STU, ERROR 
IIIIB/11Sqi**2*MEVJ o •. 

.0016 

.0016 

.0013 

.0016 

.0022 

.oou 

.0013 

.0017 

.0013 
o. 

RECOIL MASS • 26' A.M,IJ, 

EXCITATIO~ ENERGY -s ·t.'3l CMEVJ 

TJ 
C~F.VJ 
25.74 
29 .oz . 
32.30 
35.58 
38.86 " 
42.14 
45.42 
lt8.70 

; 51.98 
55.26 
58.54 

....... 

SVMMF.TR)C ANGLE • 35 DEG, 

~IGMA . 
¢MRICCSPI**2*•EYJ. 

oC013 
• 0013 
.0013 
.CC68 
.0040 
.0027 
• C068 
.OOitO 
.0040 
oC040 

o • 

·-· 

., ~ . 

STAT. ERROR 
CM8/(1~~1**2*HEV~ 

• 0013 . 
.0013 ·' .. 
.0013 .. 
• o:o3o 

.• 0023 
e0019 
e0030 
.0023 
.0023 
.0023 

o •. 

•.. 

' fXij 

I 
N ... 
0 
I 



'-

R EC'J ll MlSS • 36 A •"'. U. 

EXCtTATTON ENERGY • o. (MEV I 

SYM~ETRTC ANGlE • 28 OEG. 

T3 SIG"'1A STAT • ERROR 
I MEV I CMB/\CSRI**2*~EVI (MB/ICS~I**Z*MEVJ 
25.74 .0009 • OCC7 
:zq.oz • ClCO • (j 02.2 
:?2 .30 .Olf6 .ooze 
3~.~8 .Cl99 .0031 
38.86 •C242 .0034 
42.14 .C218 .0032 
45.42 • 01211 .0025 
48.70 .01~7 .oozt 
51.98 .CC66 .0018 
~~.26 .CC4:!1 .0014 
58.54 .0033 .0013 
61.82 .CCC5 .ocos 
65.10 .ooo~ .ocos 

RECI'1Il MASS • 3.6 A~M.U. 

EXCITATION ENERGY • o. CMEVI ' \'~ 
SVMMET~If. ANGLE • 42 DEG. 

T3 SIG"'A STAT. ER~OR 
fMEVI (M8/ICSRI**2*MEVI (~~ii·ISQI**Z•MEVI 
25.74 o. o. 
29.02 • CC38 • 0011 
32.30 .0026 • OC09 
35.38 .coc;3 .0017 
38.136 .0067 .0015 
42.14 • CCl:'t .0014 
45•42 .0157 .0022 
48.70 • CC51 .0013 
51.98 o. o. 
!:5.?.'l • 0019 .occ8 
513.54 o. o. 
61.82 0< o. 

t 

-~· 

.. , 

/ 

RECr:Jtl MASS • 3~ AeM.U. 

EXCITATJON ENERGY = o. (MEV I 

SVMMET~tC ANGlE • 32 DEG. 

T3 ~ IG~.~ STAT. F.RROR 
(ME\0 IMS/1 (SRI**2*fi'EIIt ·CNB/ClS•t••~•MEVI 
25.74 oCO£J .0010 
29.02 • 0109 .0023 
32.30 .0179 - .0030 
35.58 oC328 .0040 
38.86 .02~3 .0034 
42.14 • 020 .0036 
45.42 .CH:9 .oo29 
48.70 .cce4 .oozo 
51.98 .oo~o .0016 
55.26 • 003~ .0013 
58.54 .C035 .0013 
61.82 .cozo .0010 
65.10 .ooos .ooos 

RECOIL MASS • 36 A.M.U. 

.EXCIT~TION ENE~GY • o. CMEVI 

S Y~MF TR IC ANGLE • 47 DEG. 

T3 SIGI\oll> STAT. ERROR 
I.,.EVI CMB/IISRI**2*MEVI C"'B/ICSRI**2*MEVI 
25.74 .COC3 • OC03 
£9.02 .OC09 .;ooo5 
~?.:.o o • o. 
35.58 .0006 .OCC4 
38.86 .COC6 • OCC4 
42.14 .0009 .0005 
45.42 .0012 .0006 
48.70 .J009 .0005 
451.98 • OC03 • OC03 
~5.26 o • o. 
58.54 ·• COC6 .0004 
61.82 .0003 .0003 

F,"j 

I 
N 
..... ..... 
I 

-·';. 

,~· . 
\... ... · 

r:~,L~ 

--~·· 
(;.; 
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~· 

" 
c· 
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~ecntL M•ss • 36 A.M.Uo 

EXCITATtrN ENERGY • lo97 (MEV I 

SYMMETPIC ANGlE • 28 DEGo 

0 STG:-11. STAT. F:RROR 
CMF.VI CMBIC I~RIU2*MEVI CMB/((Sqi**2*MEVI 
25.74 oC029 .0012 
~9.02 .0100 oll022 
32.30 • 0104 . .0022 
35o'i8 •. c 123 .0024 
38oA6 .Cll4 .0023 
42.14 oC1~8 .oozr.; 
45.42. .01!:2 .0027 
48.70 .0142 .0026 
5lo98 .C147 .0026 
55.26 .ClCO .• 0022 
58.54 .CC47 ·.0015 
61.82 .o. o. 

~ECOIL MASS • 36 A.M.U. 

EXClTA~tc~ ENERGY~ ·1.97 ·-(MEV I 

SYMMETRIC ANGLE = 42 DEG. 

i'3 ~IG'1A STAT. ERROR 
I "'EVI ("18/IISRi .. z•~EVI (~8/IISRI**2*MEVI 
25."'4 .oc~9 .0010 
29.02 o. . o. 
32.30 .CC16 .J007 
35.56 .oo~R .oou 
38.86 .0048 .01)12 
42.14 .co~7 .0015 
45.42 • CC35 .oou_ 
48.70 .0029 .0010 
!:1.98 .C0:!2 .0010 
~5.26 .0026 .0009 
58.54 • 0035. .oou 
61.82 .0006 .ocos 

;.~.---. 

n 
1"4FVI 
2~.74 
29.02 
32.30 
35.'\8 
:!8.8~ 
42.14 
45.42 
411.70 
~1.98 
'55.26 
511.54 

T3 
("4EVI 
25.74 
29.02 
32.30 
35.'51'! 
38.86 
42.14 
45.42 
48.70 
51.98 
55.26 
'38.54 
61.82 

RECOIL MASS • ~6 AoMoUo 

EXCITATION ENERGY • lo97 CMEVI 

SYMMFT~tC ANGlE • 32 DEG. 

S 1 CM~, STATe F.RRCR 
IMB/IISRI••z•~EVI 

• co~o 
CM8/!ISAt••2•MEVI 

• 0017 
.0124 
• 01:!4 
.cce4 
• CC<;4 
.0114 
.CC70 
.OOfS 
.CC84 
• 0(89 
.ccc;q 

o0023 
.0025 
oOC20 
• 0022 
.0024 

~, o0Cl9 
. - oOClA 

.OC20 

.0021 

.0022 

'lECr.TL MASs· t:i 36 A.M.IJ. 

EXCtTATtr;N ENEPGY • 1.<;7 (MEV I 

SYM~ETRIC ANGLE • 47 ner.. 

S lGMI\ STAT. Ei<.ROR 
IM81( IS"li*~2*11EVI (MR/I{S~I**2*14EVI 

o·. o. 
.GC06 .0004 
.0003 .OCC3 
.COCb .0004 
.0006 .0004 
.C012 .0006 
.0003 .0003 
.JCC3 .()003 
.0009 .oooc: 
.0012 .0006 
.0006 .0004 

o. o. 

' 

. 

l 

Clf.~ 

I 
N 
...... 
N 

. ;._: 



''· ~ 

T3 
(MEV I 
21.20 
24.36. 
27.c:3 
30.69 
33.1!'> 
37.02 
40.18 
43.34 
46.50 
49.67 
52.83 
55.99 
59.16 

l<f:C:IL "'ASS • 40 AeMoUo · RF.Cn ll _MASS • 40 

EXCITATION ENFRGV ,• o. (I'FVt EXCI!ATION ENERGY= 

SV~METniC ANGLE = 28 DEG. SYMME!FtC ANGlE = 

S IG:.IA STAT. FRROR TJ ~IGMA 

(IolBI( C S~I*•2•1'EVt (~8/~~SRt••z•MEVJ (MEV) (MB/1 CSf\)**2•,EVt 
.OiJl!:l 
.0024 
.C102 
.0118 
~C1R9 
.0212 
.CU1 
.0236 
.0244 
.02!;9 
• 0134 
.00~9 

-.oao8 

T3 
(MEV) 
21.20 
24.36 
27.53 
30.69 
33.85 
37.02 
40.18 
43.34 
46.50 
49.67 
52.83 
55.99 

.J011 21.20 • COD 

.0014 24.36 .CC29 

.0028 27 .~ 3 .C025 

.OC30 30.69 .0018 

.0039 33.85 • C033 

.0041 ?7 .02 .C047 

.0046 40.18 .ccaR 

.0043 43.34 .co~s 

.0044 46.'50 • COB 

.0045 49.67 .0015 

.0032 52.83 .C029 

.0018 55.q9 .0025 

.0008 59.16 o. 

RECOIL MASS • 40 A.M.U. 

EXCITATION ENFRGY = 0. CMEVI 

SYMMETRIC ANGLE • 47 OEG. 

SIGMA 
(MB/f (S~I"'*Z•MEVJ 

.cOC9 

.COC3 
a. 

.COC9 
o. 

.COC9 

.0003 

.con 
o. 

• 0006 . 
.can 
.0006 

'-

STAT. ERROR 
(MB/CIS~I*•Z•MEV) 

.ooos 

.0003 
o. 

.ooo::; 
o. 

.OOO"' 

.0003 

.occ7 
o. 

.0004 
-.0007 
.0004 

·~; ~·.:i :.;;-~ 

-.: ~" ,.; . 
, . .,_, 

.. 

A.M.U. 

O• (MEV t 

42 OEG. 

STAT. F.RR.OR 
('4R/( ( S'l IU2ierl4EVI-

.0011 
• 00 lC) 
.ooto 
.JOCR 
.0011 
.0013 
.0018 
.0014 
.oou 
o0007 
.0010 
,;0010 

o. 

~ 

I 
N .... 
w 

.,...-. 
·,~,. ,J 

~·-

·--(., 

>' 
·\;,.}._ 

-..,;: 

~-

· . .._. 

'~ 

.-' "" 
{ 
<.c,.l i• 



13 
(MElfi 
25.74 
29.02 
32 .• 30 
35.1111e 
38.86 
42.14 
43.42 

- ~A.7.0 

51.98 
~5.:»6 
58.54 
61.82 
65.10 
68.38 

'i.r.• 

~Ecn It '•ASS • 62 A.M.U. RECjTL 'lASS = 62' 

EXCITATICN ENfRG~ • 

SYMMETPIC ANGLE • 

SIGMA 
IMI! lfl SR •••z•~ev J 

.oozs 
• 00~7 
oOC63 
.01~4 
• 0 1«~9 
• c 1 c;q 
.014!! 
• CC76 
.co~9 
• CC29 
.0018 

.• 0036 
.oou 

0~ 

o. (MEVl EXCilATICN ENERGY·• 

28. DEG. 5YMMETPtC ANGLE • 

STATe ERROR T3 Str,MA 
(M8/((SRI**Z*HEVJ ("4EVl (Me/l(Sqi**Z*M~VI 

13 
I~Eifl 
25.74 
29.02 
32.30 
35.511 
38.86 
42.14 
45.42 
48.70 
!:1.98 
~5.26 
58.54 
61.82 
65.10 

.0010 25.74 .00!13 
oOOD 29.02 .. o0072 
o0017 32.30 • 004:3 
• 0022 •. 35.58 .co~6· 
.oo 27 38.86 .01~2 
• 0027 42.14 • C240 
.0023 45.42 oC236 
.0017 48.70 • C1~1l 
.0016 51.98 .ocez 
.OClO ~5.26. • C04.5 
.oooa 58. 54. .CCH 
.oou 61.82 .0051 
.0006 t5.10 .0017 

o. 

~ECOIL MASS • 62 A.M.U. 

EXCITATIC~ ENERGY • o. I MEV I 

SYMMETRIC ANGLE • 43 DEG. 

SIGMA 
CMBI( 1Sqi**2*MEVJ 

• 0021 
.0029 
.C029 
.C024 
.C03::: 
.C070 
.00~9 

.0013 

.OC29 

.0029 
• 0()29 
.0019 
.0005 

STAT. ERROR 
(MB/C(Sqi**2*HEVI 

• 00011 
.occ9 
.0009 
.coos 
.0010 
.0014 
.0013 
.0006 
.J009 
.0009 
.OC09 

.• oooT 
.0004 

/J .• M • U •. · 

o •. C ~EVI 

35 DEG. 

SYA.T. ERR'JR 
IMB(IIS~I**2*MEVI 

.oou 

.001~ 

.0012 

.00111. 
• 0025 
.0029 
• 002"9 
.oo 2lt 
.0017' 
.0012 
.0013 
.0013 
.ooo8 

#. 

c:9 

I 
N 
~ 

~ 
I 



,,! 
ttr• 

T3 
(!.lEVI 
2'>.74 
29•02 
32.~0 
35.')8 
38.81) 
42.14 
45.42 
48.70 
!51.98 
55.26 
58.'34 
61.82 

qFCO!l "'ASS ., 62 A."l.u. RECOIL "'.&.SS • 62 

EXCIT4TICN FNERGY = 1.17 (MEV I EXCIT4TIGN ENEPGr • 

5YM~ETRIC ANGlE a 28 DEG. SYMMFT~IC ANGLE = 

SIGMA STH • ERROR T1 SIG"16 
C~8/CCS~l**2*~EVJ (M8/((SRl**2*MEVJ ('IFVI (M~/((Sqi**2*MEVI 

• 0022 .OC09 25.74 • co 14 
.0014 .0007 29.02 . . .OJlO 
.0022 .0009 :!2.30 • co ;71 
.0033 .oou 35."iA .0017 
eC043 .a on 38.86 • 0034 
~0036 .oou 42.14 .0021 
• C043 .001~ 4?.42 .ooa 
.0029 .oo 10 48.70 .ll017 
.C029 • 0010 !l.'i8 .CCC7 
.0047 • qol3 ... ~5.26 o • 
.COC4 e0C04 58.54 .C014 
.0004 .11004 61.82 .0021 

65.10 o. 

REC~IL M•Ss = 62 A.M.U. 

EXCITATION ENERG~ • 1.17 ("'EVJ 

SYMMEHIC ANGLE = 43 OEG. 

T3 SIGMA STAT. ERROR 
("'EVI CMB/!(SQI**2*~EVI (MB/CCSRI**2*MEVI 
25.74 .0008 .ocos 
29.02 • OOL3 .OC06 
32.30 .0016 .0007 
3';.r;8 .C003 • :JCO~ 
36.86 .0003 .0003 
42.14 o. o. 
45.42 .0013 .0006 
48.70 o. o. 
51.98 • 0011 .aces 
55.26 • 0005 .0004 
58.54 .aces .0004 
61.82 .oou .ooos 
65.10 o. o. 

A .• M .u. 

1.17 (MEV I 

35 DEG. 

STAT. EflRO~ 
(MB/~(SR~**2*M[Vl 

• OCC7 
.0006 
.0003 
.OCOA 
.oclt 
.JOOFI 
• OOCA 
.aces 
• OC05 

o • 
• OC07 
.a cos 

o. 

Cf.,i 

I 
N .... 
lJ1 
_I 

.r 
~~ ... 

(.,.. 

<"" 
\,. .... -
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Appendix V. This appendix gives .a summary of the 
12

c(cr, 2cr)
8

Be and 

16o(cr,2cr)
12

c asymmetric triple differential cross sections. One de

tector was fixed at 42° while the other alpha detector varied angular 

position on the opposite side of the beam. Again all quantities are 

given in the laboratory frame, and the triple differential cross section 

is given as a function of T 
3

• 



;"-· - .1> 

R.EC'JIL ~ASS • 8 A.M.U. R.ECO ll MASS "' ~ A.M.tJ. 
\,.~ .. 

EXCTTATtf;N ENERGY • o. (MEVJ EXCITATION ENERGY,• o. (,.,Ell I 

ASVPI\METRtC ANGlE • 25 OEG. ASYMMETRIC ANGlE • 28 DEG. .,. 
\..,.,.,< 

T3 SIGMA STAT. ERROR T3 SIGMA STAT. E~ROR 

IMEVJ IMB/((S~I•*Z*MEVJ CMB/IIS~t**2*MEVJ I MEV t (M8/ICSnt**2*MEVJ lM8/f(S~t••2*MEVt .C· 

25. 7.4 .1023 .ceca 2~.74 .c6~3 .0068 ~" 

29.02 .1829 .lll21 29.02 .lC65 .ooaa " . 
32.30 .14~4 .0107 32.30 .1411 .0101 .,, .... 
35.'58 .1:!86 .010~ ~5.58 .1~~0 .OC99 
38.86 e10f3 .occ;3 38.86 .14!4 • 0102 ~~ 

42.14 .C789 .oo8o 42.14 .l3H .occ;a 
45.42 .OE61 .0073 43.42 • 12 ~1 .0094 
48.70 .0:!14 .0050 48.71) .Cit89 .0059 

--;...,. 

51.98 .0145 .0034 ·.51.98 .0417 .oo55 
55 ·26 • c 113 .0030 55.26 .C295 .0046 
58.54 • 00:!2 • 0016 \ 58.54 o • o • 
61.82 o. o. 61.82 o. o. ,..,: .. 

I 
N 

0"' '' ..... 
;·J -J .. 

I ,,~ 

Q.EC'lll MASS • 8 A.M.U. RECO ll MASS • 8 A.M. U. 

EXCITATION ENERGY • o. (MEVJ EXCITATION ENERGY "' o. CMEVt 

ASYMMETPIC ANGLE • 31 OEG. ASYMMFTnrc ANGLE • 35 OEG. 

T3 SIGMA STAT. ERROR n S I GM.~ S U T • ERR 'JR. (i'!EIIt (M81( ISP.I**2*MEVJ · (,.,8/((S~t**Z*MEVt C '4EV t (MB/C (~~I**Z*MEVJ (MB/((SqJ**2*MEVI 
25.74 .G6S5 .0064 25.74 .cc;c;J .ooez 
29.02 • 0712 • 0065 29.02 .1200 .0090 
32.30 .0940 .0074 32.30 .C818 .0074 
3'i."i8 • C835 .0070 - 3'). "i 8 .C~17 • 00f4 
38.86 .1oc;a .0080 36.86 .03t9 .oo:oo 
42.14 .1244 .00135 4:!.14 • C349 .OC48 45.42 .1185 .0083 45.42 .0389 .ll051 48.70 .C6C7 .0060 "8. 7.0 .05?6 
~1.98 .0671 .0063 

.0060 
51.98 .C677 .0067 

!5.26 .C274 .0040 ~:>.26 • 05~0 .0060 
58.54 .0064 .0019 58.54 .0147 .0032 
61.82 o. o. 61.82 .0013 .0009 

i- ,, ~ 
~ 



. 
RECOIL MASS • 8 A.M.u. RECIJll MASS • . 8 

EXCITATICN ENE~GY: o. CMEVt EXCITATICN ENERGY • 

ASYMMETRIC ANGLE • 38 DEG. , 
.. ASYM~ET~IC ANGLE •· 

T3 SIGMA STAT. ERROR T3 SIGMA 
(MEV 1. . ("'R/1 I SR l**Z*MEV J CM8/CCSRI**2*MEVI CMEVt c~atccsn1••2•~evt 
25. i4 .C6S8 .0063" 25.74 • 0116 
29.02 o C873 .oon 29.02 .C378 
32.30 .ca:!B .0070 •32.30 .C223 
35. SA oCS48 .0074 35.58 oC216 
38.116 .C827 .0069 38.86 • c~ 26 · 
42.14 .c::e7 .0047 42.14 oC810 
45.0:.2 .0168 .0031 45.42 • 0907 
48.70 ~0110 .0025 48.70 .c2c9 
51.98 .c4c;7 .0054 51.98 oCl41 
!55.26 .0595 .0059 !55.26 .0276 
58.5,. .0260 .0039 58.54 .0223 
61.82 . .0006 .0006 61.82 • C034 

RECOIL "'ASS • 8 A.M.U. 

EXClTATION ENERGY • o. (~EVt 

ASYMMETRIC ANGLE m 47 OEG. 

T3 SIGMA STAT. ERROR 
(MEV I· (MB/CCSRt**2*~EVJ CMB/CCSRI**Z*MEVt 
2'5.74 .oo~z .0016 
29.02 .C081 .oczo 
32.30 .0119 .0024 
35.;8 • 0071 .OOl8 
38.86 .0114 .0023 
42.14 • C223 .0033 
45.42 .0332 .0040 
48.70 • C318 .0039 
51.98 .0185 .0030 
~5.26 .c2c;4 .0037 
58.«;4 .oo~z .0017 
61.82 • 0005 .0005 

·~ 

A.~.u. 

o. CMEVJ 

42 DEG. 

STAl. ERROR 
CMB/ICSRt**2*MEVI 

.0024 

.0043 

.0033 

.0037 

.0055 

.0063 

.0066 

.0032 

.0026 
o0037 
.0.033 
.0013 

........ 

I 

c:=9 

I 
N 
~ 

CXl 
I 



'"' . 
• • 

R.ECfl IL ~ASS • 8 · A.M.Uo 
,. 

RF.Cr:JIL MASS • e l!.M.u. ~· I ..__, 

EXClTATJrN ENF~GY • 2i.90 (MEVJ EXCIT4TICN ENERGY· • 2.90 l MEV I 
·--

ASYMMETnfC ANGLE • 25 DEG • ASY~~ETRIC ANGLE • 28 OEG • :r .,.., 
T3 S TGMA STAT. ERROR T3 SIGI1A STAT. ERROR (MEV I ("4Rii IS"I .. 2*~EVJ CMB/I(Sqi**2*MEVJ I~EVI ·IMetl IS~ I**Z*MEV I · f M8/ I I SR I**Z*MEVI ,rl"'· 

""" 25.74 .Cit91 .0063 z~:.74 .c~~4 • 0063 2q.oz o C5G6 .006q 29.02 .C~41 o0073 ( . ._: 32.3(.) o0435 .oosq 12.30. o C446 .oos7 
3:i.58 • c:na .0052 35.58 .042.5 .0055 
:!8oA6 .0403 .00';7 38.116 • C4?9 o OC56 '<>.:~ 
47..14 oC387 .0056 42.14 .0374 .(.)052 
45.42 o0709_ .0016 45.42 • C46l .oo56 ., 
48.70 • 0709 • 0076 48.70 .0~26 .0067 51.98 .0717 .0076 51.98 .C741 • 0073 .,-~. 55.26 o021R • 0042 55.26 . .0266 .0044 
58.54 ·a. o. ~8.54 o. o. 

"• 61.82 o. o. I 
N .... 

(J~ ..0 
I 

c-: 
PECDIL MASS • 8 A.'1.U. RECOIL .MASS c 8 A.M.U. 

EXClT~TIGN ENERGY • z.qo I MEV I EXCITATION ENERGY = 2.90 (MEV I 

A$YMMETPIC ANGLE • 31 DEG. ASYM~FTQIC ANGLE • 35 OEG o 

T3 SIGM~ S "FAT. ERROR T3 S IGI-14 STAT. F~ROR 
("'F.VI IMB/I(SQI**2*MEVI (M8/((SRI**2*MEVJ . I MEV I IM B/1 I sr; I UZ*"'EV I (M8/I(SRI**2*MEVI 
23.74 .(~48 .0061 2?.74 .c~:7 • 00~6 
29.02 .0747 .0066 29.02 .1060 • 00'14 
32.!10 .C!:20 .0055 32. •o .cacs .o 07~ 
35.58 .0;15 .:1043 33.56 .0389 .oo~l 
38.86 .c:-39 .0045 38• 86 .C2C1 oOC?7 
42.14 .C420 oOO'iO 42.14 .C28A .0044 
45.42 • Ct:42 .0061 45.42 • C316 .0050 
48.70 .0502 .0054 48.70 .0~70 .0062 
!'1.98 .CH7 .0066 Sl.<i'l .0570 .0062 
55.26 .0310 .0043 55.26 • 0369 .0051 
58.54 .COC6 .0006 58.54 .cozo .0012 

' .. 

~~:c·· -· ~ L-



1'. 

f\ 
l,tl 

T3 
OIEV I 
23.74 
29.02 
:32. :o 
)';.58 
31Jo'36 
42~ 14 
45.42 
4'3.70 
51.98 
!55.26 
!8.54 
6lo82 

P.ECOIL ~ASS • 8 A.M.U. 

EXCITATICN ENERGY • 2o90 (MEVI 

ASYMMETRIC ANGLE • 38 OEGo 

S.!GMA STAT. ERROR T3 

' RECOIl MASS •. 8 A .M.U. 

EXCITATION ENERGr • · 2.~0 (NEV). 

·ASYMMETRIC ANGLE • 42 OEG. 

~. IGMA STAT. F.ll.ROR 
(MB/((SRI**Z*MEVt 

•04!6 
.10!i8 

(MB/(CSRI**2*MEVt 
• OC49 

I MEV I 
25.74 
2Qo02 
32.30 
35.58 
38.86 
42.14 
45.42 
48.70 
51.98 
5S.26 
58.54 

CMB/icsnt•~Z*MEVI 
.C2C9 

(M8/CCSQI**2*MEVI 
.0032 

, ... 

oC82l 
.c4q7 
.C419 
.C243 
o C~S8 
.0347 
oC445 
• C370 
• 0023 
.0012 

T3 
(I-lEVI 
25.74 
29.02 
32.30 
35.58 
38.86 
42.14 
45.42 
48.70 
51.98 
55.26 
58.54 
61.82 

.0078 .C3~9 
o0069 .04~1 
o00~4 .C3~4 
.0050 oC412 
oOC38 .04C8 
o0045 
.0045 
.0051 
.0.046 
o0012 

.C29l 

.czc;t 

.C3~9 
oC2ti6 
.0044 

.0008 

R.ECOI.L MASS • 8 AoMoUo 

EXCITATIO~ ENERGY = 2.90 CMEVI 

A~YMMETRIC A~GLE • 47 nee. 

SIGMA 
(MBfCISRI**2*MEVI 

.0180 

.0204 

.C360 

.C289 

.C332 

.C275 

.C289 
• C337 
.C4!:1 
.0427 
• C066 
.0005 

STAT. ERROR 
(M8/((S 0 1**2*MEVI 

.0029 

.0031 

.0041 

.0037 

.0040 

.0036 

.0037 

.0040 

.0046 

.0045 

.0018 

.0005 

.0042 

.OOlt7 

.0042 

.004!:. 

.0045 
• 0038-
o003R 
.0042 
.0038 
.0015 

•. 

~· ~ 

I 
N 
N 
0 
I 



:; 

f 
~'I 

.· T3 . 
·.C.MEVJ 
'2':.74 
29.02 
32.30 
3'5.58 
38.86 
42.14 
45.42 

'4d.70 
51.98 
55.26 
58.54 
61.82 

T3 
HIEVI 
2r:.14 
29.02 
32.30 
35.<;8 
38.86 
42.14 
45.42 
48~70 
51.98 
55.26 
'58.'54 
61.82 

~frQIL MASS • 12 A.M.Uo 

EXC IT.~ T ICN ENERGY • O. (MEV I 

ASYM~ETRIC ANGlE • 25 DEGe 

SIGMA 
(MStCCSRt••z•MEVI 

• C7e7 
• 1307 . 
olC66 
.ce2s 
~ Cf<;A 
oC254 
• C165 
.0025 
oC063 
.0025 
• 0025 

o. 

STAT, ERROR 
~M8/C(S~J**2*MEYI 

oOlCO 
o0129 

· o0l16 
o0102 
o0C94 
.oc'!7 ,. 
.0046 . 
.0018 
.0028 
.0018 
.0018 

o. 

R-!COIL MASS • 12 A.M.U. 

EXCITATION ENERGY • o. (MEV I 

A$YMMFTniC ANGLE • 31 DEG. 

SIGioiA SHT. ERROR 
CMB/1 I SR) .. 2*MEV J CM8/f(SRI**2*MEVJ 

.C375 .0065 
• 0535 .0078 
• C!:71 .0087 
.0~12 .0076 
• c~ 26 o0084 
.0728 .0091 
.cs~9 .OOAO 
.0421 .0069 
.04?2 • 0070 
.0171 .0044 
• C1 ~9 .0043 
.002.3 .0016 

T3 
P1EVJ 
25.74 
29.02 
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