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SYSTEMATICS OF THE (@, 2a) REACTION AT Ea = 90 MeV
Joseph Donald Sherman |
Lawrence Berkeley Laboratory .

University of California
Berkeley, California 94720

Abstract
A coincidence technique has been used to .stuv,dy'the (@, 2a) reaction
on avsex.'ies, éf nuclei at E, = 90 MeV. Typically, resolutions of 250-300
keV’FW'HM have been achieved for the kinemétic bands lying in the

66

T3 + T4 vs. T3 kinetic energy plane. Nine targets from 12'C to " Zn

have been studied. The most complete experimental data were taken

on the 12C a.nd 16

O'targets in order to define the angular correlation
shape so that a three body reaction theory could be more completely

tested. The 12C(oz,Z.af)SBe and 16O(oz, Za)l_ZC reactions included sym-

‘metric angie measurements from 19° to 47° in approximate 4° steps;

also, a‘n asymmetric angular correlation with Cme__counfer fixed at 42°
and the other counter ranging from 25° to 47° in 3° steps was taken.
Since data Qveré obtained in the energy plane, énéfgy and momentum
correlations were also extracted.

Thg Sefren remaining targets studied by the (a,.Za) reaction were
24Mg, 26Mg, 2881, 3OSi, 4OCa., 44Ca, and 662;1. Sfmfnetric angulaf
correlations were taken in the 28° to 47° range ‘for' these nuclei,
typicaliy téking four ahgular settings for each tafgéf. In all cases
data were takén at the symmetric quasi-elasfic éngle. A prominent
systematic ‘feature to emergé from this study wa..s: the predominance of

4

the ground state transitions. The OCa(oz, 20)36A1j reaction was the only

nucleus to yield excited state cross 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'-éhell nuclei to the sd-shell nuclei,
the (o, 2a) cross sections were found to be nearly constan-t_from the Si .

66

iSotopés to Zn. The ahgular correlations for transiti'ons_"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 térm set eq.ual to ;zero. The DWI.Avwas found.to fit
the angular éorifel'atibns 1n shape and fnégnitude. SYStemé.i:ic feaj:ures

of the energy cc)rrelati_oné were also d’escribe.d qvui'té‘well, although the
momentum corrélations were fi'tiin.:shape and fnagnitude- only for

q =< 0.5 (fm)-i. .The model was used to .extra_tct relative specfrbscopic
factors from 12C‘ to 662n, and these '.results were in good agr“éémentz |
with spectroscopic factors obtaiﬁed vfromva DWBA arv1a1yvsi‘s of a syste- -
“matic (3He,.7f_B‘e)v étudﬁr. v | v |

- The 16(5 (0‘1,201)120 reaction was found to p}of)ulatelthé'_iz_c groﬁnd

state rﬁost"strongly',' W.héiv'eas, the (d, 6Li) and (3He,”7_Be) reactions have

preferentially populated the 12-C(4.44) level. - Also, theoretical :calcvula- :

tions have shown 'that the {12

C(4.44)+a} configuration is the principal
parent of the 16‘O rvluciieusv in an alphé. clustér quél. Analysis within
the plane wave impulseb'a'pproximation (PWIA) of the 16O(oz, Za)i'ZC re-“
action still indicated that the 12C(O.O) was rece_iv‘ing >mo,st of the (o, 2a)
transition étrength. 'This. result indi_cates that the (o, Za/) >and‘ alpha

- pickup reactions are probing four particle correlations in différent _
manners, and a careful theoretical analysis of the (a,2a) i'eactionv

mechanism would be very valuable to nuclear structure studies if these

differences were elucidated.

e . '
i L . ) ey



I. vlntro>duc'ti.on' _
A. Alpha Clustering |

Alpha_ _clustering in nuclei has been a recurriﬁg theme in nuclear
physics. Early experimental evidence which fév.ors alpha clustering in-
cludes alipha‘ decay [Gam 28] and binding ene rgy systematics. Neutron
bindingver_iei;gy systematics have beén:sumrharized by Soloviev [ Sol 60],
and Fig. I-1 indicates that a maximum in thg :experimentél neutron
binding.energy occurs at the 4N nuclei. The biﬁding energy systematics
are ﬁndérétood within the supermultip.let. scherrie,,- In this deséription
[Eis 58] it is seen that the alpha ﬁarticle_ wavé function is éompletely
spatialiy sy;rhmetric, and thus takes full adv'antagé of the attractive spin
and iso_s'p.in independent nuclear forces.

Alphav'decay and binding ehergy systematics ‘}vlelped stimulate early
development of a-cluster models [ Whe 37, Mar 41], and there has been
éteady dévelopment since (cf. [Ari 72] for references). The increasing
complicatiéh of shell model calculations with residual interactions led
to the suggestion that refined clustering models prbvide an alternative
desc'ription 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 model [Eic 72] provide
microscopic descriptions‘ which emphasize alphé-iike clustering in nu-
clei. Pairing as wellbas '""quartetting'' or. " qu‘adrupling” is included
in the mode'._lldevelopmerilt; Fig. I-1 indicates that discontinuities in
neutron binding energies also éxist for paired nuclei. Whether these
models w111 provide insight into nuclear p‘ropertiies 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. Récérif E‘xperimelnts

Congiderable experimental effort has been applied to the. study of
clustering pheno’mena, and much more diversified information has be-
come a\}é;ilable. Aipha capture reactions have béeﬁ 'investigated [ Ball

136Xe (,y) reactions, and found

59]. These authors studied the 58Ni,
the ‘maximﬁm cross section at about 20 MeV excitation in the residual
nuclei. Thié resﬁlt has been interpreted as evidven_ce for the possibility
of alpha clustering at high excitation in these nuv_cle‘i [Phi 60].
Another experiment which has been iﬁterpréted as ex}idence of a-
clusteriﬁg in huclei is the enhanced elastic alpha ééattering from the
40Ca ta.rget:relative to the 44Ca target in the backward hemisphere
[Sto 72]. The enhanced scattering was aftribufed 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'trahsfe_rred to the core-
cluster sys‘tém so that the incident alpha is scattered at large angles.
The bond in the core-cluster system is not brokén; and the whole nu-
clear méss is available to absorb the momentumk tré.nsfer, This picture
is analogous to the Médssbauer effect. |

Alternative explanations were soon developéd, 1n terms of an f-de-
f)endent opti.cal model [ Eber 70]. Since the (o, n) Q-value is more
negative for 40Ca than 44CaL, the partial waves.coﬁtributing to absorption
in 40Ca via thev(a,n) reaction are cut off at approximately 1 =12,
whereas the cut off for 4t4Ca'is ln = 15. Thus pal_'t_iallwaves with
ln“i 12 fo;“ 40Ca could contribute only to the elastic channel, which

gave an alternative explanation not involving alph‘a‘ clustering for en-

hanced séattering at 9L> 90°.
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In thevr'nost recent elastic."s_’,catt.ering study vci‘vex.'.A-a_broad angular
range [OesL?Z]» at Ea = 20—36 MeV édditiéﬁal taljget'é Wef'e:A studied.'_v
The conclusions were: :_First,_ N=2ZorN =7 + 1 nuclei showed back
angle enhanéefﬁen_ts. Second, excess neutrons do not d».es'trv'o‘y'this en-
hancer;l_ent if'theb. 'ﬂeutfoﬁs occupy the ;s.ame méjor-s-heil aé"thé oute r_'.nu; 
cleiovh.s-_of the N : Z and N =z + '1 i-sotb}'.)es.. Thif&,' ti'le e'n.h'anc'emént
- was .reduced if the‘*é}'{'c.efss neutrons ehféx_‘ed’thé’ "nexg highe'r shell. The
author's. }:;ointn vout‘that.: the £ -d?:pehdent optical nlode'zlv is not consistent
.with their conclusions for nuclei in.'t_'h.e second category. Surﬁmarizing,
it seems thé.t,a_ niofé consistent picture of large angle elastic alpha scat-
tering in terms of‘z.z;-'cluste ring may be emerging, aitho‘dgh 'pfoble?né; .
and ambiguities remain. | |

A more direct procedure for determining cluster 'struéture is to
study fou; nucleon pickup and stfipping reactions. These methods are
relatively recent, since they ihvbive éood re.vsolutio'n WOrk‘:with heav_y :
ions (A > 4) in either 'vthe" i:ncidehf.'of '-e_)zif channelv, or both. Thé
(d, ®Li) [Den 66, Gut 71, McG 71, Bed 72] and (CHe, "Be) [zaf 71,

Det 72, Det 70, Zaf 72] pickup reactions héve been the most popular |
probes in in.v'éstigating the parentage of target nﬁélei in t_ei'ms of |
{residual core + cluster} configurations[La 55]. Four particle stripping
reactions provide information_cbn\cerning parentage relations betWeen

the final nuc_léus' spectrum and t};e {target (g.s.) + clust'er} system.
Some of the earliest (160, 12(Z‘).‘work [Fai.70] on Fe isétopes picked

. out discrete states at comparatively high' excita_tion energbies in the Ni -
iéotopes;_ these results were interpreted as experi’mvental evidence

12

supporting quartet states. The (160, C) reaction has also been studied
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in the 2s-1d shell [Mah 72, Mun 72]. Other four nucleon stripping |

8Be), and (ZONe, 160)

reactions include the ("Li, 1), L1, q), (*2c,
reactio‘n's. A summary of alpha-particle transfer reactions has been
publishéd [Bet 70]. The DWBA analysis [ Kubo 72] of four particle
transfers ié more complicated than the DWBA treatment forv projectiles
and prodﬁcts with A <4, and it seems unlikély that the transferred
cluster iﬁ four nucleon stripping and pickup réa_ctions maintain the
high spa;tial .'symmetry of a free alpha particle." |

Th'e knock-out reéction has been of continuing interest in clustering
studies. » The alpha knock-out process is written .(x,,xa) where x is
typicalh.r a proton or alph.a parti>c1e. 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 fhe kinematics, | and the detector geometry can be ar-
range\d so that the residual nucleus receives small or zero recoil energy.
The residual nucleus may then be described as a spectator to the x-«
collision: this is the basis for the impulse approximation.

The 1_2C, 16O (p, pa) reactions at energies greater than 100 MeV
have been investiéated by several wbrke_rs. James and Pugh [ Jam 63]
studied the 12C (é;pa) reaction at Ep = 150 MeV. They concluded that
many evenfs left the residual 8Be at 11 MéV excitation. L.ater work
[ Gott 70] with bettex_‘_ énergy resolution and stati.stic.s for 12C (p, pa) at
Ep = 160 MeV did not agreé with the earlier James and Pugh result.
The latvter authors found 8Be (0.0) most strongly e);cited, with consider-

able excitation of 8Be (2.90). Gottschalk and Kannenberg also studied

the -160 (p> pa) process [Kann 68]. A recent (p;pa) experiment at
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Ep = 156 MeV was sfudied on six targetﬁs;'vfror_n.’ éLi to 232Th [Bac»h‘73],';
. They empha‘sivzed the qu.'aei.—e'léstic conditvidri, a‘.nd' fcb>>'un'd a mass depende‘nce
for .t}ie a knock-out procés s.: An uhfertunate feat'ure. of the higher energy .
(p, pa) experiments, to d’ate,. is the_'pvobr eﬁefgy resoluti.or;:. it is ciifficult
Cto re‘solve lfinal. states even in 1-ight m'-icleiv( 'S__'i 6O) | | |
The (p,pa')-.rea'.ction ﬁaie also been studied 1n the 40-60 MeV proton.

energy rar@ge.,v .'I-‘h’e 9B'e (pv,.pa)SHe reac’tieﬁ_[ Roos 68] at Ep = 57 MeV .
was analyzed _wi'thi1:1 th.e' i—mpublsbe '_app.rdxima't_:ion,'_bﬁt reactions on °C
at E_ = 57 MeV [Eps 68] and *°0 and 2ONe at E_ = 47 MeV [Eps 71]
were fdund: to be dominated by sequential procesSe__s; v

The (a, 2a) Feaction history is similar to that of the (p, pa) work.jrv
Several light targets (6Li in p'art_i.cu»lar)' have beeh stﬁdied in the
E, =40 - 70 MeVIrange,ﬁ and ﬁaire been interb'rieted'v{vifhihi the impulse
approximation [ Pugh 69, Gaii 70] . Success in _inter_p’rleting the 6Li,
7Li,» 9Be, and 12C (@, 2a) reactions at Ea_': 25 MeV_' wit;hin .th_e irﬁpuls_e
approxi.ma.tion has als.o'bee_n' reported [ Dol 69, Dol 69a]. | .

A study of the vl(‘a, Z_d') reaction at 0.91 GeV ind’.icated that all nucleons
in the density .regi_on p < »P-O /20 were clustered [Igio“ 63 ] . The quant,i.t'#r.
Po is the nuclear deneity Within the nucleus. The, Zséi(dj,_Zav)v reaction -
was studied at E = 104 MeV [ Pli 6.9] . These authors .cohcluded.that
the 4.12 (4+) state in 24Mg wa.'s.vn.*xc.)re strongly. popﬁleted than the ,grouhd
(O+) or first excited (2+) states. As in the high e.ner'gy; (p, pa) work, de-

tailed spectroscopy was difficult because of poor energy resolutien.
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II.. Theory.
A, Kinemafics and Three Body Correlations
Figure 11—1 ciisplays the coplanar geometry used throughout this
experiment és well as kinematiéal definitions. ,M;)st measurements
maintained a symmetric angle geometry, 91‘ = - Bé.  The notation used
is that the initial system is Composea of the incident beam labelled by
the four-momenta P1 and stationary té.fget labell-gd FPZ. The final |

system is composed of detected particles 3 and 4 (Pé and P4) at angles

_ 61 and 92. The recoiling nucleus (PS) is undetected. The kinematic

quantities characterizing the recoil motion are completely determined

(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

P’1+P2=P3+P4+P5. v (II-1)

A derivation leading to PS and other kinematic quantities of interest as

—

a function of P3 and P4 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 (@, 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 nucleué. The symbollgis used for the bound alpha's
initial mbmentuni. It is attempted to maintain this notation throughout,
although certain instances ben_eﬁt from a changé in terms.

The experimental géometry.is arranged so thaf the accepted co-
incidence events éorreSpona to a small recoil energy, é.nd it is possible
for T5 to be zero at séme symmetric angle, whi.ch is subsequently re-

ferred to as the quasi-elastic angle. In the non-relativistic limit the



) ""f'f—- 0 — -
A= (Ei, P) B=(Ez,2)
where:- - o BEEeR)
P, = <4 MOMENTA OF i% PARTICLE. .~
EL = Ti+mct = ToTAL'fF_NERéyoF-Lfb;_PARTchE.; o

T. = KINETIC ENERGY OF it PARTICLE.
m, = REST MASS OF 1% PARTICLE.
DETECTION ANGLE OF PARTICLE 3.
o2 = DETECTION ANGLE OF PARTICLE 4.
: : - - XBL 727-1234

)
I

Fig. II-1. Definition of notation for the three body.kinematics_problem.
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symmetric quasi-elastic angle is a function of T3, T4, and the reaction
Q—value;" -and .is given by: |

| | cos(26y ) =-Q/2T; (I1-2)
where 1thas been assumed T3 = T, and '61 : — 62 = GQ.'E. . This angle
is of co}n'siderable importance in thrée-body reacfidn_ theory [ Holm 69].
A derivation of the relativistic and non-relativistic.formula.‘e for 1I-2 is
given in ApI;endix L.B. | |

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

kinetic energies of particles 3 and 4 are given by T3 and T4. The T3

versus T, plot is a common technique used to display coincidence data,

but the plbt of T3 + T4 vS. T3 is more convenient for data analysis in

_this experiment. The triple differential cross section (03(9) or

2

¢ /dﬂidﬂ
matic bands. This cross section can then b;r plotted versus the appropri-

dT3) is extracted from events distribufed along these kine-
ate kinematic variable to obtain the desired correlation.

The' energy correlation is a plot of 0'3(9) versus T;, while the mo-
mentum correlation refers to a plot of 03(9)- versus the recoiling wave
number, ~l:5. A'symme‘tric angular correlation ('ra‘.'n‘ be defined by re-
quiring 61 = - 92 =0, T3 = T4, and then»plottin.g the 03{0) extracted
under thelse restraints versus 6. An asymmetric angular correlation
utilized in these experiments is obtained by pldtting 03(0) vs. 02 where
62 varies and 91 remains stationary. This last correlation is kine-
maticaliy restricted by taking 0'3(6) at the valué of T3 that requires

the recoiling nucleus to be collinear_withvthe beam axis.
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' THREE. BODY KINEMATICO

s5| 61 ==-62=42°, Eg= 90.65 MeV
: - '———"—’-',"o(d,'zé)"zc. (b.o‘o)",
1 (s, 207 (4.43)
> I\ 11 *q («, 24)"Ar (0.00)
R | _
(R
./
<t
- 40|
- sol -+~ — - v g
30 35 40 45 50 55

S
o ®
=T -~

I
/

C T3 +T4 (Mev) —=

17 S
30 8y - 40

45 50 55 Py
T3 (MeV) —
: . XBL 727-1236 .

 Fig. II-2. -Examples of threé'_body kinematics
" calculations in the T3 vs.. T4 plane (top) and
in the T3 + T4 vs. T3 plane (bottom). The

notation is that given in Fig. II-1 and Appendix L

-~y !
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B. Cb_rﬁ'peting Reaction Mechanisms
The 'Behavior of 63(6) along the kinematic band is an indication of
the reacvtion_ mechanism. A sequential process is ‘an inelastic scattering
to a levél at high_ excitétion 1n the target nucleus‘:’:which. then decays by

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

3%

L~ 445, | (I1-3)
Such a process obeys three body'kinem;atics, and..' events corresponding
‘f.o such a ,m”é'ché.nism usually a.pﬁear as sharp structure in a kinematic
band. Ti;ésé sharp structures are‘due to the péftiéle unbound levels
in 2*; very highly excited 'overlapping\ levels could contribute but have
been considered negligiblye in the (a,2a) analysis.'b
A s_ecénd mechanism, referred tb as quasi-elastic scattering, is
viewed as a one-step process:
1+2— 3+44+5. L (I1I-4)
Thvis cross section is manifested by a iarge comparatively smooth
structure centered about equal energy sharing on the kinematic band
[ Holm 69] . Analysis problems ensue when both inechanisms coexist
as in the 160(0:,20:)12C(0;0(')) at E = 25 MeV [ Park 68], where the plots
demonsti‘ate several sequential peaks, as Wevll' as broad structure l.ying.

16O and 20Ne v

under the sequential peaks. Alpha-cluster reméval in
targets with the (p,-pa) reaction at Ep = 46.8 MeV were also thought to be
dominated by sequential processes [ Eps 71]. This work is directed to
a study of qu.asi-elas'tic processes, SO a réasonably high alpha beam

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

separate the sequential and quasi-elastic mechanisms.
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C. Sele.ction Rule.»s
1. Totalv spin and isospin
The folloWing discussion of () an) '%selection ?rulee’as sumes. a oné ;

step ’p.ro‘ces's characteristic of a simple 'dire.ct nuclear reaction mechahism.
In the a knockvout p1cture the 1nC1dent alpha partlcle str1l<es an- alpha | T
cluster 1n1t1ally bound to a nuclear core. The results of the colhs1on-

are the ruptur1ng ot the bound alpha—_nucleue bondand the.appearanc"e of
two' fial,st;alpha particles in the exit chanhel. For the one‘ step assumption to

be valld,. it is necessary that the’ ‘s‘truck clu'shte rbh(-" an alpha particle. If the be'an'l.
particle struck a correlated four partlcle group wh1ch was not an alpha

_part1cle a.nd this clustér was 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 partlcle -correlation must ’co‘rreSpond' to an excited

pa.rt1c1e unstable state of the He nucleus wh1ch would decay by part1cle

emlssmn bexore reachlng the detectors.v More compl1catedreact1on |
mechanisms may be prdp'oéed, but’ it. would seem difflcult to vte‘st thesev
hypc“)thes'es." | | |

Conserirati_on of total angular .momentum states that‘ _
3’ -7 o (L1-5)
where T is the transferred angular momentum and T and T are the
total nuclear s'plns for the final and initial states. For an even-even ' ’

target nucleus J = 0, and if T is decomposed into a sum of 1ntr1n51c .«

spin (§) and orb1tal angular momentum (L ), then

_szLt+§t: . | (1I-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 equatlon for isospin transfer can be wrrtten analogous to II-5.
Since the 1SOSp1n of the transferred alpha is zero, the reaction will
populat.e,on-ly reV81du-a1 s_tateswhose isospin equ’al_s .the target isospin.’

2. Par1ty ‘ E

| Par1ty is a conserved quantlty in strong 1nteract10ns [ Bohr 69].
This 1mp11es that the total par1ty of the 1n1t1a1 state must equal the total
parity ‘of( -the flnal state The total parlty of a phy51cal system 1nc1udes
: ivntri'nsi"c: n,ar'ities as well as relatlve mot1on par_l_ty_. A statement of this
conser{;atron law is | ‘ »l | ‘ o »

| | "ni - nf'('-i-)l.-“ | - (I1-7)
where L 1s the an.gul'ar momentum of the bound alpha withre spect to
- the core'v"“ Assum1ng an even-even target and an 1nc1dent a part1c1e,
“;i is pos1t1ve Thus _ - .. v |
| ok (I1-8)
- by Eq. 1156:. * Thus the one-step {(a, Zd) reaction ';p'o.n.ulates only natural
parity s-_'t-ate‘s.. Unnaturai parity states coulld appear in sequential reac-
tions. |

The. 3.-_|- state at 5.23 Mé€V in 24_Mg was w_eak'ly"excited in the
ZSSj(a,Zo)24Mg reaction. However, the 4.97 MeV. 2" level in 2ONe was
not. observe_d» in 24Mg(a. ZQ)ZONe (see Sec. IV). 'Unnatural parity states
have been excited in inelastic alpha particle scattering, and explanations
for the occurrence of these ‘_states have been giv’en in terms of multi-step
reaction proces ses [Reed 68, Eid 62]. It is encouraging from the
(@, 2a) reaction theory point of view thatun_natural parity states are

. weakly excited in the (a, 2a) process.
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'D. Klnematfcal "Effec:ts in 'Khoé'k40u£"Ré;c'tions;' '

B 1 Sens1t1v1ty to low momentum components e
| Knock out react1ons at or near the quas1 free ‘cond1t10n [Jac 71

Ri-ou 70] ,are most -sen-s1t1ve to'lovtr momentum components of the nuclear

wave ‘Ifunctio‘n The arguments are based on the 1mpulse approx1mat10n,._

whlch predlcts that the 1n1t1a1 bound alpha momentum (q) equals the re-

coil momentum .(kS.) in magn1tude but is oppos1tely d1rected, i. e.,

(I1-9)

3= .'-.12-’5‘." g
- The quas1 elast1c geometry is arranged so that k 1s.small 8o, by :
k1nemat1c 11m1tat10ns the range of q 'is also small F1gure I1-3 g1ves o
_a vplot of the m1n1mum q allowed at symmetrlc angles for the
o O(q,Za) C(O.,O_) reactron The max1mum q is _about 1 (fm)‘ 'fo'r the
' symm_etric an:g'le"s‘ :indi'c‘ated. | | |
' | 2. .A'ngular momen’tum transfer'
| The preced1ng sect1on has shown that the 1rnear momentum trans—’
fer to the .cor,e. 1s: srrrall. By construlct1ng a clas slcal model in wh1ch the
| intlera‘ction occurs._.on»the nuclear surface ‘a pred1ct1on- for the angular
momentum_'transfer c'an‘b_e. made.' The model foll(,).vv's.' | |
Parti'cle 1 with wavenumber k1 is lncident on the ta.r_get nuc‘leus
with radius Rr, and two emevrgent alphas are detected.‘at 61 a_nd 92 with
wave numbelrs .ké ‘and k4 In the’ symmetrlc c‘ase', YWhere k3' =k,
and 6 ‘ 62, the reco111ng nucleus is c0111near w1th the beam, and
-1ts wave number is k5 In the lab system the conservat1on of angular
vmomentum.svtates' » | | | |
| o xR’ Ry xR+ K XR + K, ><§ (II-10)

By tak1ng the symmetnc case (II- 10) becomes
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Fig. II-3. A plot of the minimum recoil momentum versus corre-
lation angle. '
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_L,: kg R k1R.+ R cos(OHk ok (I1-11)

and L assumes non zero values as a- funct1on of the correlat1on angle.

4)

It R = 3.28 'fm, then the product k R (whlch is d1mens1onless and
| ,equals the number’ of angular momentum un1ts, L) has the range
“?;oo<%R<36_{‘_off“ (n1m
Vovel':the v’corvrelatio;n angle.:s extend1ng from 42° to 1.-9°..;A, ’l‘he _concluslon
is that the (a, 2a) react1on at E 9'(')';'l\‘/IeV would favor exc1tat1on of low
: angular momentum states. E | | | |
If the restr1ct1on to the symmetrlc case (where k3 ~vk“}) is removed,
then the recoil momentum assunIes_ a larger r-ange for most angles
.'-stuclied_. 1n this »gxperiment. __'_Fol_' .eic:ample'the 16O (o, 2&)1_2C(0.00) teaction
at 42° —- 42° "has recoil mbmentum in the range lO O<k5 5090 (fm).—
_whereas in the symmetnc case (k = k4) k5 = 0.00. Movmg a&ay from
the symmetr1c correlat1on means k # k4 and the k5 is no longer.' |

: colllnear w1th the beam ax1s., ';. L

E Der1vat10n of Plane Wave Impulse Approx1mat1on (PWIA)

£

- 1. General assumptlons

A general express1on for a scattermg cross sect1on is [Rod 67]
- dqf; | <¢f. v |¢‘ ) >l Pe ® (11-13)
" The 'quantity_ ¢i+) is the exact solut10n for the scatter1ng wave in the
entranc'e"c_hannel‘, and .¢f',' is the wave function 'de:s'cr.ibing free motion
‘in the exit channel. The post form of the T-matrix is-giv.én'hefe
[ Tay 72]. If the total Hamiltonian.is written
0 0

H=H +V=H +V' . - (1-14)
- where primes indicate 'thev final channel, then |
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Ra i _
Hy ¢p = Egdp

Htp]gL+) o v‘Ho‘+ V) qJ§+) - Ei¢§+) . | R (11-15)
In the préSt_ént form of doﬁ' it is thé final state"b}‘)'ott,éntialv which accounts
for the "'tfé.néition. v The remaiping'factbrs ;ré Yi',fi'ie relafive velocity
in the e‘ntv;:apce ‘channel, apd Ppr »(Ei') the‘.pha.sbé ::&:;’p;;.‘cle factor. A general
expres.s.:_'icsn:-f.or the phase space.féctor. which contaips. .mpmentum and

energy conservation is:

_ N d3pi N v N : v
Py (Eié)' :i_gi Z7h)3N-3 ‘5()21'13].) 6 (E -1_2:1 EJ> © (II-16)
[Rod 671. Discussions of three body final state‘s. phase space factors
exist inv'the_;_ literature [Skj-}64, will 71] . |
The PW_IA makes severai extreme assumpt_iqné to evaluate (II-13):
(i) "Inco'min‘g and outgoing waves. are vrepresve;nt‘:ed by plane waves.
(ii) Th_e target is decomposed into core + bou.ﬁd cluster system.
(iii)'I‘hé intera?:tion is assumed to be'a function of the relative
cvo'QVrdinate between the incident particlé' and bound cluster.
(iv) The interaction is assumed to be derivable from the free cluster -
| cluster scattering cross sections.
(v) No exchange tqrms are explicitly included, although use of
frée (a, @) scattering automatically inciudés projectile exchange
effects [.R.oo‘s_ 68, Jéc 65] .
The derivation of PWIA from (Ii-13) is .separated'into two parts: first,
the trea_f:méht of phase space; and second, the aipplication‘ of assump-

tions (i) - (v) in the evaluation of the transition matrix.
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" 2. Phase space _
| The notation of Fig. (Il—l) is used in this se,c-tion,_' .and the quantity
N S o

| M| is subst1tuted for | ( <1>f, I V' qJ( )> [

The ¢ross section for the
three body flnal state in the lab system is

a’ 1’3d P4d Ps
|M1] -

‘ +"ﬁ"+‘3_—*‘fa")6<E-“-"E‘)“ (11-17).
(2 ﬁ) ‘ 3 4 o 1 i f

: The delta function expressmg momentum conservat1on allows 1ntegrat1on

over the recoil (unobserved) momentum Performmg this 1ntegrat1on

and subs t1tut1ng

dsf; = pzdp_dﬂ

(I1-18)
one finds ,

2 ’ 02 _ .
dgigﬂz = ’ﬁin lM| 6 ) (CP3) d(cp3)(cp4) d(cp4)6(E Ef)
o i (Zn"hc) .

_ S (1I- 19)
The angular var1ab]es are subsenpted w1th 1 a.nd 2., and (II 19) mo-

mentum un1ts are in. MeV

The next step 1nvolves chang1ng the momenta d1fferent1als of (II 19)

_ to the energy d1fferent1als dE, and d(E + E4).~ _It is asserted that

cp3 dpj = EédEé L | - (I1-20)

This equality is shown. by solving for the Jacob1an (J) | |
dﬂidﬂzd(cp3)d(cp4)

a* g
di2y iz, d(cpy)d

» (I1-21)
By
where
| J’ = 8(cp3)/8E3 | o
By using the relativistic relation between momentum and energy it is

found that J = E3/,(cp3) and consecequently
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4 o 4
-d?1@92§p3d-(cp3 )d(.cp4.) dQ1dS22E3dE3d(§_P4) |

thus =
Cp3d(vcvp3),vb: E3d.E3- .
A similar a-fgument' shows that .

cp4d(cp4) :_E4d(E3_+ E4) ;

Making these substitutions for cp,d(cp,) and' ¢p,d(cp,) in (II-19)
ng thes | P3dicpz) and cpydicpy

'520 2m | M| 2 [ ¥ :
o aw, T v g | cP3EzdE;cp dE d(E; +E )O(E, -E)
B A i (2whe) | ,
L - ' (I1-22)
The différgéntial d(E3 + E4) is rewritten as:
R d(E; + E,) d(cpy) | |
d(E; + E) = Ty aE, - dE, (II-23)

where

| 'Ef=E3+E4+E5.-
Substituti'ng_-(II-23) into (II-22), using the energy delta function to inte -
grate over '-dEf, and dividing by dE3 finishes the "i_n‘tegrations and yields

an expression for the triple differential cross section:

g _am_|m[? g dEstEL  dleny)
&2, &, dE, hv, 6 P31 1Py B3®e T q(ep,) dE;

(2rhic)
(11-24)

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

d(E3+E4) CPy

dcp,) T E,

- (II-25)
dlcpy) E4Es |
_d(Ef) - (cp4)E5 +_E4(cp4 + cpy cos 912 - F,Cpi cos 92)

ahd
a dE, =dT

3 3°



So, the triplé.differenfial Cfos_s section becomes
s O epy) epgt ELELE,
g . . 2w f - (epy) lepy) EqE By
d2,dQ, dT, =~ fv. ) YRR ' R .
A i (2mhc) [cp_4E'5v,_+'E4(cp4-.+ cpy cos 912 - cpy f:os 6_2”

- 2
| M|

| (iI—26) ‘_
'fhe ‘bra',cketéd quantity is the 'cqptiibutibﬁ of three body v.phas'é space to
the ti_"ip_le diffefentiai ‘-c.ricb)‘ss section. | Iri_“lt'lile non'—relat’ivisti’c_1im'1‘t.this
exp.res.'sion._freduCes to a nonéréiati\}istic,.ekphvi‘es‘s-i‘on'us:.ed in the 1itera-
tubreﬁ[M:ilt 72] . Furthe'r'cgjrn’paz.'vi-sons between the relativistic and non-
relativistic phase space factqfs.haVe showﬁ the same shape along the
' T3 axis usiﬁg energies appropriate to fhe. p:r'eserit‘e.xpe_riment. |
3. Evaluation of | M| Zv

Evaluati‘o'n of M follows the assﬁmptidns outlined in II.vkE.i. -.Th.e
PWIA has been studied in detail in the literature, and thev'des.cription
v followed‘r‘n'ost closély h'e';'e is that.givé’n by Y.A_'K.udo .['Ku‘do 65] and

L. McCarthy [Mcc 651. . | | ‘ |

Thé inifial é.nd fina.l ;:o'ordiflate systems are gi{(en'in Fig. -I_I-4'.

Using ;ssﬁxﬁptioﬁ_s (i) - (iii) and tv) the. fﬁrénsition. matrix éléi’hént b'e— v

comes:

R T SE.T . SR
_ K3t Ty ) * - -7 T
M,,-,jd'r e ¢°’1(§1)e' , ¢aé(§2) R(gR)VH(r‘i--rZ)‘ le A
X (Bt m2?)
where '
¢d (éi) = internal wave function of incident élpha )
¢, (gz) = ' internal wave function of ejected cluster

‘,\



Final system

a,, ks

XBL733- 2543

Fig. 1'1-4. Coordinate system for the («, 2¢) reaction theory.
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'. qJR(gR)ﬂ = residual nucl_eu_s" wave_funefieh 'v
LPT(?Z §2, gR) = target hgcleus' ‘wave function

== (1

L,M RLMz Mll MT) 5 qJR(g_R)'d’ag(gz_)RNL(f’)Y_L(9"”_

where

Sz/a is a spe_ctvros‘co'pvici factor, ‘and 'IT equals target spin, I'R.equals
‘ residual nucleds' 'spin, L equals orbltal angular momentum of @,

~ and M M and M are the correSpond1ng . pro;ectlons Sub-

T' "R’
stituting for "r1 and r, in terms of p and r, and 1ntegrat1ng over the
, 1nterna1 coord1nat( s the follow1ng separatmn is effected '
)T iR T.T )7 L -
M ]dre‘ 3, V(!r[)v/dpev 17374 fNL(p) o (-28)

' dwhere : ‘
£... (p) = 1/Z(I LM M’I M )R (p)Y (6 b) | '(II-29j
NL - T T “NL '

T L,.M _ :
and fNL(F) may be refei're'd'to as the"form"factor.”' '
| The f1rst 1ntegral of (11- 28) is seen to depend only on the a-a relatlve '
coordlnate and the momentum tra.nsferred from a to oz by the incident B
" particle.- Thls 1nteg'ra1 is equ1va1ent to the pla.ne wave Born approxima- -
tion descr1pt10n of free a-a scatterlng, so o N
' ~1(k‘-—k)r 2 2 4 o :
l/dr e v([T]]=0, _(T,e)- i——l———“ Z(ﬁzc) |  (1I-30)

o

where crad (T, 0) = free a-a scatt_e'ring'differentiai» cross section and

2 . . s
M,C = reduced a-a mass (MeV) = mch/Z, The additional factors in

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

a-a scattering information and its use in 1I-28 is thé impulse approxima-

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

.'I‘he;‘é_e‘_éond integral of (II-28) is the Fourier fransform of the

‘bound sféte-Wave function with respect to the recoil momentum:

Onpkg) = [ de e fNp® (II-31)
and ES :‘.,1—51_.- —123 -‘124 (in the lab frame). In the :PWIA, 0 is defined as

the angle vbetween the relative coordinate p a_rid the z-axis, defined
by the beam direction. For O+ - 0+ transitions the summation over
Clebsch-Gordan coefficients in (II-29) yields unity. (In this case

IR =L =IT= 0). Fo.r 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 symrnétric case because of the orthogdnali'ty of the spherical
hérmonicé (cf. integrafion in II-31). Thus Ml% =M = MT = 0 for even-
even target nuclei, the the Clebsch-Gordan coefficient yields the factor
(2L+1) 172, o

Consider the non-symmetric case with T, ;é T4 but with 6, = - 6,.

-

In this case kg is no longer collinear with the z-axis and II-31 becomes:

- ik5p cos 6 > Co .
¢NL(k5)-=je » fNL_(p’ 0, ¢) sin 8d6dép~dp , (II-32)

-

where (II-32) indicates dependence on 6' , the angle between k5 and
p, as well as the arguments of fNL' Further, 6' =60 - QR where
GR is the recoil angle as measured from the z-axis.

Nori—'symn_l’etlic effects can be treated by making a plane wave ex-
. 1k5° P
pansion of e
e T =4n Tz i Y T (Bp,ég) Y, (6, )j,(kgp) (1I-33)
l—'—o m:_l 1 .



- PWIA model would Welgh the total nuclear volumc equally, and would

and substit'uting-into (II—32~) Us1ng the notat1on that fNL(p’ 6; )
;. Y-I\I:L(Gﬁ,'@)fﬁi‘.(p-) and the orthonormahty of the spher1cal harmomcs

le'a_dsto‘ )

Q-

¢NL(k5) v‘*“ﬁﬂ i ( 1) | Yy (GR"l’R) 1L -;nMZ:OJ,Z(ksp")fNL,(p)pde

(II 34)

Equatlon (lI 34) 1nd1cates thvat for the non symmetr1c case 1n wh1ch
l > 0 the substat(s of L do (ontrxbute to ¢NI (k )' This result is
contrasted w1th the d1scus sion of the symmetrlc case follow1ng equat1on
(11~ 31) To make pred1ct1ons for energy or momentum correlat1ons for
' L # 0 states it is’ necessary to 1nclude the M F0 substates in the calcu-—
1at1on - This result is d1scussed in the 11terature [Jac 71] | | |

CIf the plane waves 1mp11c1t in (II 31) are replaced by d1storted Waves,
the D1storted Wave Impulse Approx1mat10n (DWIA) is’ obtamed The |
DWIA model is d1scussed for (a, 201) reactmns [Jac 65a] and more com-

pletely for (p, 2p) react1ons [Jac" '67.' 'Lim' 66 L1m 64» L1m 64a] he -

.'predlct no- absorptmn or. refractmn effects. Opt1c»a1 model wave functlo'nsv
_pred1ct that two part1cle c01nc1dence events from a three body final state
'should be mor.e strongly locahzed in t-he "nuclear':surjface than a corre-- |
,sponding two body expe_riment [le 62, McC 62] . Thus the P'vW_lA,
'vwhic‘h predict‘s no 's'ur'face localizat'ion at all, is -un'rv.ealistic'. Insertion ;
of rad1al cut offs in plane wave calculat1ons has often 1mproved agree—
ment ‘with exper_lment: th1s was the case for the 6L1(oz 20) reaction
.v'_analyz':ed with a ciut off PWIA [Wat _71] . The DWIA model should prov1de

for sufface_localization effects. However, this model ‘still assumes the
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impulsé approximation: i.e., the free a-a»collis»ion‘- is described by the
asymptot\ic kiriematics 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

modelzwhichv specifically takes the core présenc:e inf:o account in an ex-
plicit three body theory. Their réact_ion theory is called the Distorted
Wave T-Matrix Approximation (DWTA). The presence of the core re-
quires that the motion of incident and scattered pa‘rticles be treated by
distorted waves rather than plane waves. In this case Eq. (II-13) does
not sépérate as shown in Eq. (II-28), but the intera:ction (V' of
Eq. II-13) 1s still éiven by an on-shell rhodel for thé T-matrix | Lim 64a].
Physically, this means that the (p, p) collision th'at occurs within the nu-
cleus is ﬁdt characterized by the é.symptotic kinematic.al variables as
assume_d. in the PWIA and the DWIA. Furthermore, since a third body
is present, the (p,p) collision does not have to conserve momentum and
énergy. This is an off-energy shell effect, and the work of Lim and
McCarthy indicated that lower energy (p,2p) ex.p'evriments could be sensi-
tive to these effects. Some success was. found in fitting the 12C(p, 2p)
reaction at Ep = 50 MeV [Pugh 67]. The DWIA is obtained from the
DWTA by taking a delta function interaction and multiplying the re-
sultant quantity by the free (p-p) scattering [ Lim 64a]. An (@, 2a) code
similar to the DWTA is not available, hence (a, .2.z.1) analyses have been
restrictéa to various forms of the impulse approximation.

The following section describes é theoret.ical treatment in which the
plane waves of (II-31) are replaced by a parametvr'ization of the optical

model (distorted wave) wave functions.
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F. Phenomenological Distorted Wave Irnpulsé A_ppf,okimati.on, _

- Equation (II-31) can be e#tended to_the DWIA by r;'ep"laci'ng»the .p'rodgc._t

iKg. p
of three plane waves implicit in e . by the product of three distorted
waves: |
: -'?_ - » (- ,*4 — . -.’k—b - (+ - = : S
¢NL(§)jdp SRS P e I ML I NP I (11-35)

It has béen éug-geste'd that distorted waves could be parametrized by an
| analytically more sirhple function than partial wave expansion [McC 61].
The parametrization is based on analogies betweenvnuc'learvscatterin‘g

and classical optics as well as intuition concerning the absorption of

‘beam particles by nuclear séatterihg centers [Eisbv 59,  McC 59, McC 59a,

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

- etrization is .

L. deHYORT L o . -
@3 =e S lt+aettekrE) (11-36)
[ McC 68]. This epréséién'is a sum of two fe;rms, the first being re-
lated to the scattering wave at the nuclear surface, and the second
accounting for focus effects.

The parameters f ‘and y specify the surface térm._ The pararﬁ-
eter B is related to the real pért of the optical model potential, and is
alWays > 1if V is attractive (V < 0). Further, B may- be -defined in
terms of local and asymptoti‘c‘ wave numbers:

k, '= Bka : B (I1-37)
where

k, = local wave no. = —Z-E (E-V,)
£ ,ﬁz - £



-27-

k_ = asymptotic wave no. = g-&E
a ' ﬁZ_ ST

The asyrhp_t_:dtic enei‘gy is E and the real part of th_e optical model

potentia.l' is V,. Using relations in (II-37) B is found to equal:
: ' 1/2 -
E-V, L s
B = = | o (II-38)

Amos [ Amos 66] gives a picture of an 'asymptofi:c’f‘r.\ﬁlave encountering an
attractive potential with the resultant inc_rease of-wave number. The
parameter Yy is a damping factor which accounts for absorption. An

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

' 2 Ve
i w —
Y =R —-—-—} o (I1-39)
s{(zﬁz> E-V, o _

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

The fdcus term is specified by three parérﬂe'ﬁérs - a the strength
parameter énd R and ¢ which ar‘e' the focus édéifi’on and the phase dif-
ference b:et‘\;feen this positilon and the nuclear s'urfvaci:e. McCarthy and
Pursey [McC 61] argued that the focusing is weak for (a,a') scattering,
but is 'stréng for nucleon scattering [ Krom 62]. .'_.i‘he focus term has
accordiﬁgly been neglected in the present treatment of the (a,2a) reaction.
The full parametrization has been used in theorétiéal treatments of the
(p,2p) reaction [ Deu 68, Chat 72]. o

Assuming. that a = 0, an incident distorted >w'rave becomes

i(p; + iv;/lRQIK ¥

x(f)(l'{i,?) =N, e | (I1-40)

where R»i is the asymptotic wave number and Yi/ki RS replaces yi for the

(+)

i The normalization Ni is d_étermined from the

normalization of y
2 .
condition that Ixt ’ = 1 at the nuclear surface, Rg. With this con-

dition . ‘ Y. . '
' N.=e ! SR (11-41)
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is found. S1m11ar1y an, ex1t d1storted wave 1s
' (= -i(B +1y/kR)kr y T .
xf( ) - Nye £ TS S -42)

where kf is the asymptotlc wave rlumber in the ex1t channel The
normahzatmn parameter is determlned as in the 1nc1dent channel and .
'1s found to be: S5 | B | | |
N,=e f, o (1I-43)
In applpirrg these W?.‘I/'e fu_h'ct.iohﬁsf' ‘to the (a, 2a) reaetion deecrip'tion'the ;

following 'parametér eqdalities are defined:

By =By and Yi =Yy @ Ty =Bty |
ﬁf = ﬁ3 = ‘34 and Yf Y3 = Y4; ‘ ‘ (11-44)
' A = a3 =a :[33 +"iy3:(34'+iy4 .

‘In pr1nc1pie there should be six parameters to treat the scatter1ng waves,
however, sinice the experlments emphas1ze the symmetrlc coplanar :
geometry the f1na1 state parameters are- set" equal Hence four param-

' eters are sufflclent to character1ze the scatterlng waves.

.Subst1tut1ng the param‘etrlz"ed, dvlstorte'dv-wavesv‘ into (II-35), the re-

sult for the momentum spa'ce wave function is:

Wherev ) i . |
6 =egky - aglky k)

Expression (I1-45) differs from the PWIA (II-31) in that £ equals Ks
which equals the recoil momentum in that theory. If ﬁi- = Bf = 1.0 and

Y: = yf = 0 are inserted in the parametrized DWIA, the PWIA is found.

1

. Now the angle 6 is defined by (in the symmetric case):
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E-F= |E[ [Flcoste, (146

—_

" since § is collinear Wifh the incident beam directiOn, and the ihtegration

of (II 45) is shghtly more comphcated than the plane wave theory De-
tails of the evaluatlon are’ glven in Appendix IL |

G BOund State Radial Wave Function |

o Before (II- 45) can be 1ntegrated, the radial wave functlon (RNL(p)) N

appe arlng in f L(p) nlubt be bpec1f1cd The vRNL(p) are Lalculated in

a f1n1te well assummg an S = O T = 0 part1cle [code DWUCK, P. D.
‘ Kunz, private commu_n1cat1_on]. The procedure adjusts the well depth
- binding the four particle cluster unf_il the correct asymptotic behavior -

. w'hich”ié due to the separation energy - is matched. The quantum num-

bers N (riumber of r'a;dial no’des) and L (orbital angular' momeﬁtum)

. must bé specified for calculation of Ryp.(p). This is done by considering

_the eonservatioh of energy within the harmonic oscillator shell model

[Den 66, Bed 72] :
A ' L A 4

= (Zn +z) 2N+ L+ = (2n + ) (I1-47)
i=1 s g=1 ¢ f

J =T+ T

it is elways possible to 'f1nd .N ‘and L. Harmomc osc111ator rad1a1 wave
funct1ons have also been ueed in analysis [McC 68]‘. The’ radial wave
functions a_re norn.ialized"s'o, that |

oo ) : ) .
j [ Ry [“dp = 1.0 . | (48
o ' o _ |

Integral (II-45) has been solved ‘by finding a.n.a,lvyl_:ic .ei;'pressionsl for L =0 _
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.orb1tal angular mome.lnta for the angular coo.rd1nates ,Then the-
RNL(p) is read 1nto the program externally, and a numer1ca1 1ntegrat10n _
is performed_over the rad1a1 coordinate. . Equatmn (II—47) does not
oontain the inte’rnal quantum 'nurnbersv nand 1 'of'the boond 'cluste'r, :
since the cluster is ass.umed to ex1st in the lowest osc1llator state
H. Off shell Effects in Quas1 Free Scattermg |
1. Def1n1t1ons and current status of " off the shell" scattemng
Equatlon (Il 30) oxpl1c1tly‘mtr»nduces th-e free scattermg into the

, 1mpulse approximation trans1t1on matrix. The proeedure for 1nsert1ng
this information in a proper way 18 avsubject of current re’search. One
nroblern is that if an alpha. particle is aVailable within the nuc.leus for
an a-o coll1s1on,' that alpha partlcle is not on the energy shell due to

- 1ts core b1nd1ng energy ThlS is seen from the def1n1t1on of the T-matrix

- in tefms of-the S matrix [ Tay 72] :

(P! ISIP> =6 (p ~—p) —Zmé(E -E, )T(F?'fa’); L (1I-49)

__Thus the on- shell T- matr1x, T(p<- p) is def1ned only for EI')-- p’ and it
‘is not. Just1f1ed in pr1nc1ple to use the on shell T-matrix, or equ1va1ent1y
' the free a-a scattermg However, 1nherent in the 1mpulse approx1mat10n )

‘is that the off shell effects are neg11g1ble

| | The study of off - shell effects in three body reaetlons with a mas sive
resldual 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 v(p,va) r'eaetion in the presence of a third body is not the saxne as

the free ! .on'-.s_‘hell”' p-p interaction. '7 To extract off—shell info.rmation.

~ from such a th‘ree—bo'dy process, a good dynamical theory must exist.
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The DWTA of Lim and Mc'Car.thy [Lim 64, Lim 66] de_.scribed. briefly’
in: Sec. III-E Rrovide:s‘ a (i), va): theory within the'distorted wave frame-
"work. They,have not‘lncluded ot'f—shell effects in the (p-p)‘intcraction,
‘-vbut'they have shown that at higher incident ‘proton ’e'nvergi-es. (155 MeV) the
DWIA and DWTA make thc same theorctu.al prcd1ct1ons, and that they |
dev1ate as the 1nc1dent proton enérgy is decreased Unfortunately, as
p01nted out in Sec III E such a code is not available for the (a,2a)
| reaction, and (a, Zoz) analyses have’ been restr1cted to PWIA and DWIA.

Upon making the 1mpulse approx1mat1on, amblgulty arises concerning
the choice of free o-a scattermg cross sect1on This amb1gu1ty concerns
the postulated a-a coll131on k1nendat1cs, since the collision‘may actually
occur at two different a-o center of mass.energws - dependmg on
whether the rclat1ve energy is calculated in the initial (T ) or final (T )
channel. This is due to the bound alpha's momentum. S‘ince the free
d;a cross :s__ection varies drarnatically with ene'rgy and anglle, the choice
of'relative energy.in the initi‘al_ or /final a-a subsystem rnay have large
effects on the cnoice of the free a-a cross section interpolated from a-a
scatteringdat’a. Thls problem is often referred. to. as an ' off-shell"
effect in the (a,v2a) 1iterature, and _ite nature '_shoul‘d._be distinguished
trom the off-skell discussion of the preVious paragraph. This ambiguity '
br:ought about b"y the l(inematics is di'scu_s.sed in t‘nevrernainder of this
section. |

This cross section ambiguity has received considerable attention
ln tl1e recent literature. Balashov and .MebOniya [ Bal 68] have made
symmetnc (@, 2a) calculations on 6L1, 7Li, 9Be‘, 12C and 1‘60 target

nuclei. They: have shown that at E = 25 MeV the .fin’a_l‘state prescription
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(T f) for a-d interpolation is ~§‘réf-e'r"r.e;d;,-:'_’ Their:c'alculati‘ons‘ have been .
comparect to\’th’e (a‘v Zoz)'data of 'V, K Do:li'noy,.' et_"al.‘ [ Dol 69] taken:‘,on'
the °Li, ‘7Li, 9Be, and '%C nuclei at E_ = 25 MeV. S |
A French group studled the 6L1(oz Za)d [Ga1l 70] reactlon at
.Ea = 42.8 MeV At th1s energy a sharp resonance (at 19 8 MeV in the '7
a-a c.m. system) in the a-a free cross sectlon is 1dent1f1ed w1th a ‘
| sharp structure in the (a‘, Za)v angular c-or‘revlatlonv. The PWLA theory
utilized in their _anal-ysis _'g.ave the correct result only when the Tf pre-
scriptidn ,\yas used. ;'Z:['heir mea's:urement‘s{'vye're extended to.the 9Be and
160 targets [Gui 71] 'and.'againni’n‘te ri)'ret‘at'io’n‘ ot their data favored the l'
T, prvevscr'ipt:flo.n;v - | | |
‘, Finally a'systemat‘ic study of' the '6Li.(a,'2a) rea.cti:on at several vin_
cident'energies (E, = 50.4, 590, | 6(1.)‘;5,1 70.3, and 796 MeV) zwas ner-
»fo'rmed [Pugh 69, Wat 71] In th1s work ;‘th'e“‘” off the energy shell"
(-T, O)v',was‘ extracted from their data_ using the PWIA The T, p,r.e - '
scrlptlon for extractlng g, ('I.‘-, 9) gave the best‘iagreemen‘t with the ‘free |
a- avscatterlng data. - o v. . v i B
Balashov ‘and Mebon1ya [Bal -68] .'Suégested that the " method is
formally unapphcable in the low . energy range.' However, they further
v.suggest that the agreem_ent found with the Tf method may not necessarily
| be accidental but that perhaps the quasi-elastic mechanisin in this case
v.is close to an a—pickup reaction which wouId lead to the intermediate
8Be nucleus and a strong final state interaction. -'Mehoniya [(Meb 69]
provides theoretical}support for the Tf prescription.f A possible physical
reason. suggcstcd for the validity of the 1‘f prescrlpuon is that the 1nc1dent

part1c1e must release the bound partlcle before a free a-a collision could

occur.
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2. Derivation and discussion of T, and Tf prescriptions

The free a-a differential cross section, oaoz(T’ 0) is a function of
center of mass (c.m. ) energy T and c.m. angle 6. Since Uaoz(T’ 0)
varies rapidly as a function of these variables, it is necessary to
interpolate a value of Oaa(T, 0) among the available free a-a data. The
interpolation is on T - calculated either from the Ti or Tf prescriptions -
and on 6. The oaa(T’ 0) are taken from the literature [ Nils 56, Bred 59,
Conz 60, Tom 63, Darr 65]. Figure II-5 shows most of the Oa/a/(T’ 0)
used in the present calculation, and Appendix III gives an explicit sum-
mary of the oa/oz(T’ 0) cross sections.

The non-relativistic kinematics for finding Ti and Tf as well as
6 necessary for interpolating in oaa(T’ 6) are now derived. The relative

momentum between particle i and j with masses m, and mj 182

- 1 - -
P.. = ———— (m.p, - m.p.) (I1-50)

For the relative a-a momentum in the incident channel m; =my =m and
P; =Py = incident beam momentum. The impulse approximation re-
quires that the momentum of the bound alpha equal -;5. Thus —I;j equals

Py and the relative - momentum in the incident channel is

- _ _]L e 4 — .
Pipe - 2 (Py T Pg) - (1I-51)
The non-relativistic ¢c. m. incident energy is then
_ Ipinc' Pinc |
i 2y (II-52)
where _ M,
)

The final state relative a-a momentum is

- - 71 = = L
Pout = 2 (P3 - Py) (I1-53)
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Three dimensional plot for most of the free a-a scatter

Fig. II-5.

data used in the impulse approximation calculation.
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where P; = P3 and pj = py in Eq. (II-48).

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

Dot g
v o | Doat Toubl (11-54)
f 21
aa
The c.m. scattering angle is the angle between Pinc and Pout”

By making x-y projections of the vectors Einc and Sout the following

angular relations are found:

' (p4 - p3)Sin 0
. = arc tan (II-55)
inc Py —(p3+p4) cos 0
and
(p3 % p4) sin 0
6 = arc tan (II-56)
out (p3 - p4) cos 0
and
] = 8 - 0, (1I-57)
c. m. out inc

All the kinematical relations given in this section were compared with
relativistic expressions, and only slight differences were found in re-
sults appropriate to the 90 MeV (a, 2a) experiment.

Some interpolation examples using the ’I‘i and Tf prescfiptions will
be given in the discussion. The oaa(T’ 0) interpolations for the energy
correlations do not vary nearly as much as the interpolated oaa(T, 0) for
the angular correlations. The reason is that Ti’ Tf, and 6 attain a
larger range of values in the angular correlation, and therefore the
oaa(T’ 0) 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 c¢cnergy correlation.
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III. Equipment and Analysis
A. Cyclotron, Beam Optics, and Scattering Chamber
1. Cyclotron and choice of beam 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 sequéntial and direct reaction mechanisms may
cause analysis difficulties. However, one may hope that sequential
reactions having large ground state e-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 T3-T4 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 seem advantageous to use a still higher energy beam. This
was not pursued for several reasons. First, the simplest quasi-elastic
theory would predict the (@,2a) cross section to fall as the incident en-
ergy increases. Since the cross sections were expected to be small,
it seemed unwisc to follow a course which might result in yet smaller
cross sections. Moreover, operation of the cyclotron at the required
beam intensity is easier and more stable at 90 MeV than at higher en-
ergies. Furthermore, available and reliable 3mm lithium drifted Si

detectors were sufficient to stop elastically scattered particles at
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Ea = 90 MeV. The cyclotron and beam transport system used in these
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
| Hin 69] via a 20° 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 (@, 2a) experiments. This configuration
yielded a beam resolution of 72 keV 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 MéeV resonance in 13N [Bach 71]. This calibration
yielded energies of 90.33, 89.54, and 90.09 MeV energies for the experi-
ments 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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Fig. 11I-1. Cyclotron and beam transport system to cave 4A 36 in, scattering chamber.
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were observed during data taking runs. The beam was fiﬁally switéhed
to Cave 4A with the M43 switching magnet.

Two solutions [ Meri 70] have_beén calculated for beém ‘treins-
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 alléwed 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 parallel beam transport to the target. The convergence
angle at the target was 0.5° with this solution, and a beam spot of approx-
imately 2 mm X 4 mm was typically obtained. No asymmetric counting
problems were encountered with this solution.

3. Scattering chamber

The experiment was done in the 36' scattering chamber (Fig. III-2).
The scattering chamber was equipped with a remotely controlled rotating
table which provided one independent 6 motion. In order to measure a
symmetric coplanar angular correlation a second independent 6-motion
counter mount was installed in the beam - table counter plane. The
angular positioning of each counter could be reproduced to an accuracy
of £0.2°. The total angular range available from the second detector
was approximately 100°. A remotely controlled target ladder was also
available, and is visible in Fig. III-2 holding the A1203 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 thermoelectric devices.

Table III-1 summarizes the geometries used in these experiments; set
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XBB 726-3288

Fig. III-2. Scattering chamber partially assembled for (a,2c) experiment.
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Table III-1. Geometries for coincidence '_détec'tors

Solid angle Radii = Angular radial Ahgular vertical

Set . CTR (msr) (in. ) ~ acceptance (°) acceptance (°)
A 1 4.70 1.69 - 241 43,73

2 4,60 1.66 1.96 3,73
B 1 1,40 3.0 115 ' £2.09

2 1.46 2.94 1.09 +2.09
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A was used for most measurements-, wh1le set B was usea for smail
scattering angle work v1n the 16 ,_ 1'ZC (a, Za) reactions. |

Accurate beam c'entering. on the targegt is crucial in eXpefimenté ‘
with large soiid'ahgles and counters at érrié.ll‘ radii. Counte r‘s, farg_ets.
and a split' Faraday éupv were Caf'efully alignéd with a t’ransit'befofé each
experiment. The c_oihcjdenc;e detectors also act as a b_éarﬁ centering
monitdr, 1e , since they are stmetric in angle and have virfually the
same solid angles and'an_gu'lar acce.pta.nces, "the two count ratés should -
be nearly equal. This Cr&terioh-was used as a check in ensui-ing that
the beam was centered. If thbe beam were one bean'vll width off 'cen.ter‘.
(~ 2.0 mm), an error of approx1mate1y two degreesv in’ scattermg angle
for one detector would be 1ntr0duced Flgure III 3 111ustrates the prob-
'lern. For a constant e."rror ;ﬁ béeam centermg (A S) 1-t is seen that the
error wé,s a function of the scattering angle 0. -The‘»anvgl'.e 0' is the

actual angle of scattering with the displacement AS.  In the notation of

Fig. III-3
0 = arctan ( ) and 6' = arctan ( §—+Té-§)_ : '(II'I-i)
and the per cent error is given by |
: 1_g | . -
% error = l:e BQ } X 100 S (m-2)

and grows as 6 becomes smaller. Fo'r two det'ectvors>the errors add,
so sizeable angular errors can occur with rélativ;ely smé.ll beam-de-
tector misalignrﬁents. - | |

It was found that the split Farada}.r cup was extremely sehsitivé to -
‘beam position shifts on'targét. .The Faraday cup xjar'élir indicvz.xted positién

. shifts, and beam-detector alignment was well controlled and monitored.
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6 =va rc tan (-g-)

o' = arc 'f'an( s{rs )

% error = J_BL:Q-_OJ. x 100

XBL 7210-5827 -

Fig. 111-3. 'Figure exhibiting beam centering sensitivities in
the (a,2a) experiment. :



The 'ivnfluencé- of_'fi.n'it:e"bearh vspo't size on scattering angle uncertalnty is :v :
discussed" in va_'vl.ater-section.' | | T | |
" B. Detectors, ‘Exlec"tjro'ni‘:c_:s‘, ‘and On-line Computer

1. ‘D‘ete"ctors | .

chattered.vparticle ehergiesfwererrl-eas'ured .with a Si AE-E telescope.
The transiriisSioh detectors' 'Qere 250|J.m phos‘phorous#diffus’ed'Si de-
tectors; these operated at 200 v b1as ‘For calibration purposes‘ it Was
necessary to stop elastlcally scattered beam partlcles, so 3 mm lithium
- drifted Si detectors were‘chosen as the stopping counters: they operated - '
‘at 400 v bias. All co"unte.rs used in these ekperiments were prepared
by the LBL detectorlab. The detectors were cooled 'to -.-2-'4'"C’ and at
th1s temperature the detectorsl exhlblted very little leakage current
-The propertles of solld state detectors for use in nuclear phys1cs have
vbeen reviewed [Gou 66 TMC 65] Th1n Al fo1ls (1 5 mg/cm ' Were
used for electron suppressmn one of these suppressors can be seen
in place in Flg,. III-Z.: B | }

Sl Elec.,tronics

A detailed bllock -dviagrarrr of. the electronics usedvin this 'experiment
is given i.n Fig. 1II-4.  The .electr.oni_cs system‘ Was composed of a fast
coincidencev part with inherent time re*solutioh considerablyr less than
the cyclotr'on pe‘riod Whrch'was approximately 100 ns, axrd a slow part
~ for handling analog signais and particle discrimination. EleCtronicsA
for only one slow counter system is illustrated. “’B_oth the slow and fast
: logic einplo.yed j.sfstmilar to that used by J.'—Moss [ Moss?(‘)‘)]
(p» p 'Y) experimeht. The maximum singies counting rate in these ex-

- periments was' limited to 15,000 cps.
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| a.“ » Sl’oyy.'e'lectronic.s;

, 'Sig.n'alvs' from the vsoli'd state detectorrsv Were fed 1nto charge .sensitive_
preamp11f1ers Wthh were located in vthve scatter1ng chamber ' T_.he pr"e;. |
amps were water cooled to ma1nta1n temperature stab111ty, To .disc’rim?
_inate agatnst p11eup at hlgh count rates, a hlgh rate 11near amphfymg
system was-used [Gou 67].  The 11near ampl1f1ers we re fed by the pre-
amp 51gnals from the scatter chamber., An 1ntegrat1ng t1me of 3 ps 4
'was used for the analog output, wh11e a'fast 11near output was prowded
by a dlfferentlated signal.’ The latter s1gna1 was used in the fast c1rcu1t, ‘
as Well as stroblng the p11eup reJector (PUR) The PUR had abs us in-
spect t1me, dur1ng wh1ch perlod a second pulse follow1ng the f1rst was
rejected whlle the f1_r-‘st pulse was pr_ocessed. If two pulses came ‘w1th1‘n
. a 2 ps p"eriod, ‘both iyere'_ r.e__jected. " .Treating this 7ps as‘a dead time -it

is ‘se'en that eaohv eounting’ system ‘would oontribute about 10% d.e'ad time

“at 15, 000 cps._ (Dead time = (1. 5 e"-'RT‘)' Whe‘re R equaIs the count'rate‘ |
and 7  the resolv1ng t1me. ) o | o |

Each slow counting system rwas_ 1ogica11y independent until the main
coi-nciden.cev. _ '_i‘he AE-E counting .s'ys'tem was run ina discriminating_ o
ma_nner;. i.e., vlogic. .wasvperfo’rmed on the AE _signal to permit only a
Z= 2 partivrcles to pass' the first -slovy eoincidence. ,.-Th'is method v'iv's'v p'osv-
Sible for two reasons? f1rst ‘at the energles of 1nterest the energy loss
by Z=1 and Z 2 part1c1es in a 250 pm AE detector d1ffer by at least
a factor of two; and second, the (oz a 3He) competlng reactlon has a
much more negat1ve Q-value than the (o, 2a) reaction for all target_s

studied..
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Figure' III-'S..pr'es:ents' AE spectra with clifferentvlevels of lcgic in
the s_low’ccincid_ence’.:’ '(-The se spectra Wér’e*taken cut of the ‘ﬁr st linear
_'gate in a sio{av vccli‘nting system. ) Note that the tcp'5ystem with all co-
1nc.1dences out has events down to zero energy. The. large bump in chan-
‘nel 20 was 1nterpreted as low energy protons. _ A small peak at channelv
.72 was assurned to be the elast1c a-group; pulser calibration indicates
this was the correct ass1gnment ~The middle 'spectrnm‘shows dramatic
1mprovementvmth the 1nc1us1on of ‘the PUR in the slow coincidence.

The peak-to —background 1mproved‘fror,n about 4/3 to 4/1. Also the PUR
discriminator has eliminated alI"pu;l's‘ee'le‘ss than channel 16. The bot-
tom spe ctrnrn ehows results in the rnnning confi'guraticn withbb'oth the
SCA and PUR in.th'e first slow coincidence. The elastic scattering
' peak is apparent in the bottom two figures. |
Further logic was accomphshed by puttmg a 3 MéV lower SCA and
- PUR requ1reme_nt on the stopp1ng detector. -Another lower discriminator
" of about 20 MeV on the summed (AE + E) energy signal was used to elim-
_inate unneceseary count rate. The slow 'coi_nc.idvence output from the
Etot SCA's provided the input to the_main gate from the_ slow _counting
systems. The third 1nput was the valid output frcrn the tirne-to—ampli-
tude converte_r (TAC) in the fast el-ectronice; 3 ali requirements were
met, the rn'ain gate sent a.lvogic signal to the‘ coi-ncidence input of the
multlplexer - ADC [Rob 68] , and the computer was mterrupted

b, Fast clectromcs o |

In the 1dea1 c01nc1dence experlment from the chance problem po1nt
. of view, there would be one beam part1c1e per elcctromc resolv1ng time. |

Then the measurement .of two partlcles in coincidence would be an
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III-5. Transm1551on detector spectra with
different logic requ1r(.ments The top figure

" has no gate requirements; the middle figure

‘is with the pileup rejector (PUR) gate; and

the bottom figure has a PUR and single chah-

nel analyze r gate.
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'unambigqoue{true eve'x.lt. ‘This experimental 'sitvuat-i'on was impractic.al;
}ioﬁever. _it,does‘point out the lheceésity of maintaining good time reso-
lution. In a eyclotre‘n experiment, the inherent t'i‘m'e resolutions of
fast elecfroni‘cs permits the ready"separation of reaction particles
comihg from differ'ent bearn bursts. The 90 MeV .a‘.-"be.arn a‘t.the 88-in.
c¢yclotron is in i'e.s.onance et'app‘roki.m'atel'y 10.5 MHz: this implies
apv}A)roxi'mately one beam buret/i 00 ns. The fast plus slow coincidence:
'system gaVe a time resoiutibh of 8-9 ns, so eyents from different beam
bersts were reedily ‘r.esé'l've’d. - |
One experi-menf revealed a true + chance time peak thet had a

éharper peak superimpesed oﬁ a broader peak, the broad lpeak being
" characteristic of the adjacent chance peaks. The chanc‘_e peaks had a
FWHM equal to 7.0 ns; and the frue peak FWHM evquallevd 6.0 ns. The
lafter was obtaihed by subtracting a chance p.eak from the true + chance
_péak, and then ektractiﬁg the FWHM. The true peak-FWHM should be
independent of “beam burst width; thus 6 ns reflects electronic and de-
tve'c.t‘or 'c‘c')nt‘ributiens to t>hek tirﬁe revs‘_olution..v The time of flightr difference
for .the most-and least energetic alpha particles was 0.5 ns, so time of
flight was not a large factor. Assumiﬁg thlaf 'vthe ofxly other contributor
'vtq chence‘peak vtirvne re_soluti'or.l was fhe beam pulse'duration, and making
the fuljther assumption that.the Widthé cen be added in que.drature, a
b.e'am pulse width of 3.6 ns was derived, Since the velocity of a 90 MeV
alpha particlelis (_)..21(,0,. the beam pulse length we.s approxirﬁately 23 cm.

»The .boébtvon'l section of Fi.g. IIi;4 .summerize_‘s the fast cemponents.
The fast output'pulsee from the AE linear amplifiers were of po'sit_ive.

pblarity with 1255 /impedance. These signals were inverted and matched



" to SOQv, th_e inp'ut‘ requirements 6f.the EG&G duall'upc.l'ati_ng discriminator.
To rn.i.n-imize. .th'e. faét f.isei’time.:'Var.i.atioﬁs,b .‘ the svi_gn'al's. We1:e fed into a
XidO 1 ns rise timé DC amplifie-r.. Avd.elagr line of :aipp.roxim-av'te'ly 175 ns
v;)as used to ‘dvelay'i CTR 2 with 7respe.“ct' to CTR 1 Tiie discrim_inat'or-.: .
| setup is describéd in tbé .followi_ng ’parag'raph. " The '_riegafiVé polarity
| fést discri'r:ninafor _outi)ﬁt then fed a TvAC.', wh1ch made , .ai.sl‘ow 51gna1 |
proportional to .th'e‘z(:tir'ne" cc)-'l;;fe:l'!a.tibh of the ;cl_eféct;éd.pérficles. 1t two
signals met the bt'i‘xrhing feqﬁirement irﬁpoéed bythe TAC, a yalid.output
was vobtai'néd.,' “This sighai was .the t'hi.vrvd“coincid'en’cve input of the main
gate. | |
Expei'ir.nent'al beam time required 't"o. setup a coincideﬁce’ experiment
with a TAC is minimal. To set the discriminator levels rapidly, a
scaled down RF 51gna1 'Wa's- used as :a ’\I‘AC.stol‘). s:‘i’gnal.. In this faéhion,
no true p.érticl‘é Coincidencé .Wé;é actually re_quire'd, and én§'sCa'ttered.
pérti’cvle which met 'a11 I;équiz;é"ments,-.("e_ex_ce:pt_ é_oincidence’ with énother
paftiélé) ‘gavv‘é"a} TAC gignél. ""I“inie fesbllutioﬁ' abs‘ va.fun_ct:i.b'n 6f dis crim-
-7 inav,.foxr" leve;,l orbthé’ir "'p-éramej:ér:s‘ _vwas‘thuszs‘ rapbidl'ky .a'cquired..v 'Figure
II_I-6. prQ\.rides .TAC spéctré"wi.th*a 300 ns scan time obtained in run setup.
Thé. toé TAC sﬁectrum was gafed _only ‘by thé fast .vﬁal'iv'd outfut; the feso_
lutiOn. was 238ns 'Th_e_lv)o‘_ttdrrvl s_pe;:trurﬁ shows, the effects of the slow.
logic I;equirenivents.vas \x}eil as &ie fast (i.e. only Z = 2 particles are _r‘e—
corded). The ’slow :re-:quiréments elirn'inated‘.backg‘roﬁnd Eetween'fhe
peaks, and improved..-the resoluﬁon‘ by al.rno’vst a factor of three. These
spectra were _obtaihed in one o;; tw.c.) minutes .ru_nning ‘time.
" After both counting systems had been individually adj'ﬁstéd, CITR .1.

provided the start signal and CTR 2 the TAC stop. Figure II-7
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Fig. III-6. TAC spectra with cyclotron RF stop. The
top spectrum has only a fast requirement, while

the bottom spectrum has fast plus slow logic

requirements.



-52- :

=T ¥ 1T 1TITT

T

B AREE

1000 FULL SCALE
T T rrrrrey E—r‘.

TAC SPECTRA : 2y STOP
T

T ) T ]
Al START A2 STOP ' : 3

- FAST REQUlRE_MENTS: 3

I FWHM z .29.9ns“_ o ~

1

s

1 ] et

- Fig. III-7.
stop.

@

z r— T
ettt %
- T_VAIQNWAZSWP .
- { ' FAST + SLOW REQUIREMENTS 4
i | FWHM=8i8ns g

I I O T O A

<{

IX 0 ]

o ' 7

s :

g ] /. - ) N

gv H : ’ \

© l IA 1 A 1 dl e 1 L4l
0 500 : 000

TIME (ns) _ ,
XBL 726-1072

TAC spectra with counter one start and counter two
The logic requirements are as given in Fig. III-6.
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' illustratés:v‘TACv spéctra vobtained in this way; The scan time was 1 Ms;
so nine peaks corréSpbnding to nine beam bursts with different time
reiatiohs were obtained. Timei-to-amplifu&é Spec;:ra with fast and
fast + slow requiréménts,are given, as in F‘ig.' III-6. x Agéin it was
seen that the'slow. requirements caused a considerable resolution
irhtproverhent as well as background vredﬁction. Thir_ty minutes were
required to ai:_cumﬂléte »the_.bottqm spectrum in Fig,.' III;7', so the value
in timé .sav.ing by using an RF" scéleciown pulse as TAC stop signal for
setup purposes is apparent.
3. | »O."n-llline._compﬁterv
Figure HI_—4 éhows threé pieces of analog data and thvre‘e pieces of

_ logic ld"atAa iI;put to the multiplexef -'ADC.  The analog data Were the

’t§vo enérgy éignals of the sc'atte;'ed particles and the third was the TAC
si'g'n'al.b "Th_é-se. data wéfg digitized and eveni:uall}i written o_ﬁ magnetic
tape. " One Iogié s1gna1 was ﬂie fﬁain coincidence oqu.)utf The reméining
two logic_vsig'nal's'were SCA <.>u.tvp1'i:ts set on the trﬁe + chéﬂce and‘chance
p'ealbcvih.uthe TAC épéctrufﬁ;. These latvter"’silg'nals Wgre for display logic
only, and did not affect or enter into the storing process of the three
pa'ramete,r d.ata. | | |

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

_rg'round display subprogram continually (‘e‘xcept‘when interrupted) moni-

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

fer areas. Second, the computer durﬁped the data buffei' to magnetic
.tapé W;hen this Buffei' was vf.ull...' Thir;d,v‘the n.um’ber_ of coincident events
~ stored was sént to a: 's'ca',lér"and the‘beavrn integrétor was gat_ed b.y the

computer.. Foufth, -a 64X 64 energy array gated by the true + chance
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pé_ak 'wa._s sent to the memory of a 409’6 "cl'x.ax_i:r.1é1’-(ievii'ce.} ‘,'I‘his last -
mOnitor'\*/é,s extremely useful for monito.r.in'g the }l)r—og.ress 'of.the ekperi-
ment, as well as giving an approximate idea of the statistics in a kine- |
matic ba'r-ld; _ | ’ |
A flbw_ di;gram _[lDec>68'] of l;hé PDP'-S on'line.pro.gram ‘isvg.iven in’
Fig. III—8 vThé heavy arrows indicate the direction of digitizéd 1nfor- _
_ mé.tiop .flo'w,, : .'..The par_erithetical numbers éivén in thié ‘path prov.idé the
numbevr of PDP.4'5linst1;ﬁctions é;o;téinéd in the given _vs,'ul.)'routine. The -
‘tofal _nufnbér‘ is 159, and if the a.t'\‘re'ra'.:‘gel 'cy'clye time ».of a PDf’—S instruc-
tion was as'sume"d to be 12 |J.S,‘ the computer took about 1.9 ms to digest )
" one event. This rather ldng ciead’ ti‘me Waé no.t a problem bécause the
number of main gatés was u'sﬁaliy 'S"Q‘r' ;1,0" (sgc)-..i. Fso'r oniy’ the "li'ght
target nuclei did'th-é c‘_ompﬁter dead i:ime beciqrrie gfeéter than’i%'.j .
Se.ve:ra;lvfacts .made the use of a;hbr;-iine co‘mpdte.:r._'es.se_htial or at
v least highly desirable. App"i‘oximately. ZQ'O.-'30.0A keV véne"rg'y '1"'e's o'ljution

was obtainable, and it was necessary to svtore_in'for'rvnatio'n from 20 MeV -

" to 90 MeV‘s._ijng_vlés 'vex_le‘rgy; thﬁs,- for',o'nej detectér at i:e'.a.slt a 1(.)OVO. c':%h.annel_
memory'wou.l_c.l"be réq'unired.v S:i':“i'ce there ére.£W6 colinfel_‘S av.nc‘l‘i'tv':w'as of
: primary- interést to maintain a kﬁowledgé of correiations Vin the c’ojn-
cident events, a minimum storage space éf 1000X 1000 or 106 rne_morj

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

f

|

|

#

I
.Because the data was stored eve_nt-by-eveht,v.-infvor-mation' concerning . . !
. . : ) '
the actual time of data taking was obtained. This w‘as"useful since the |
data tape can be corrected or edited forv gain shifts or o_ther experi— i
mental prpblemsv after completion of the expe.riment. Other reasons in- l
c'iuded’t.hé' flexibvilit)‘r of storing true + Chanée bandv cﬁaﬁce information _

simultaneously, and-also taggi'ng".the- energy in_forihation with other logic.
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Co 'Targsts |

A sﬁmrﬁafy of tarigets'is »given in Talale”. III-Z Most of'.the: target_s
were prepared' by ve\‘r'aperat'i‘(v)n'of isotopie m:atl:e.rki"a.l using an 'e_lee‘t'ro‘jn_ .
gun; "The exceptlons were '12'C which*.waé Pr'ep;red from a.sllispeflisi‘o.n

of 12C in an organlc solution; and the ‘ él(.')'t'a‘rg.et Wthh \':vas'ZOb‘vt"ained by
pas sing oxygen_ sl_qwly_ over _a_than Ni foil pl’aced_ in a muffle furnace: at
a'i:‘emperatu.r'e of 700"-800°C : 'All far“'geths'e;:c'ept 30 S.1' were c1rcu1ar,‘
3/4‘_: ivI;.vd»iam_etei'.; .3051 was oval shaped approx1mate1y 1n by 3/4” S
T\h.ey'r were 'mbujite_d on aluminum frames machined to fit the 36'' scat-
tefing chamber' target ladder.

It was necessary to determ1ne target thicknesses accurately since _
absolute exper1mental cross sectlon d1rect1y reﬂected this- error |
Whenever posv31ble twe techn1q,ues were utilized to find the target thick-
n'esvsv° Fiz;St'," 1':h.e' enefgy 1ess of 8.78 Me.V"’d"s ih the !‘.arv'g”et rpate'rial Was
measured; and sécond, 4 cx_'r.lzvd.f't.a‘rvget rﬁatefial Was!weigﬁed.on a |
_mi'cro—grarn balance The t\xiibéttech:r;li_(i{.ﬁes did; yield ,c’onsis.tenvt '-resultS.
and the vtargetthi'ckne'ss‘erro{s liisted -i__nv'Table I_II-Z we’,rr,e_evstimated on
the results of the two feehniques. The Ca 'targets wvere vh.a'nd.ledv,in an Ar
atmosphere, and they appeared metallic after bornbardment P}essures '
in the 36 in. _scatter chamber were 10 -5 - 10__6 Torr. ‘Table III-2 11stsv
~ the targets, .4the-ir isotopic;purity, the method.s of determining target
thicknesses, and finally the deriVed'target_thickhess. If two fec};niques
.'rwere not usea in a determinatien, .an error of 159, in the one vaiue was
assigned.. This seemed 'reas_onable based'on the experiencegained in .

yx;rieasu:rin'g other targets by dual techniques. °
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‘Table III-2.. Summary of targét infofrhaticfn for (@,2a) experiments.

1/73

. v _ _ , Thickness
Date Target Isotopic Purity Method . (mg‘/cmz)
4/72 NiO Natural 1. Complete oxida- - 0.172+0.014
o " ; tion of Ni foil v_ ' ' ‘
2. Weight of 1cm
- 44 . . . 2 |
- 4/72 Ca 98.59, . 1. Weight of 1cm 0.420%0.020
- . ‘ 2. Energy loss S
4/72 851 Natural 1. Weight of 1cm®  0.692+0.020-
- : 2. 'Energy loss
4/72 24 Mg > 999 2%4\fg 1. Weight of 1cm® 1.075+0.040
B S 2. Energy loss
. 26 o 26 o L 2
4/72 Mg > 999 “"Mg - 1. Weight of 1cm 0.435+0.020
_ . S ~ 2. Energy loss
8/72  t%c Natural 1. Weight of 1cm®  0.379£0.010
_ o ' _ 2. Energy loss
8/72  %0zn 6674 - 97.8% 1. Weight of fem? 0.586+0.060
. 64‘Z.n_- | 1@% 2. Energy logs
40 : : o 2 '
8/7_2 Ca Natural . 4. Weight of 1em™ 0.457+0.090
8/72 - NiO Natural - 1. Weight of tem® 0.255+0.050
g/12 . 30 308i-89%j  1. Weight of 1cm® 0.076%0.015
285 . 109, | | |
| 295 19, - | |
/1 e ‘Natural | 1. Weight of 1cm®  0.415%0.062
NiO - Natural 1. Weight of 1¢ém®  0.24240.036
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'D, Fa:c'tors Affectin'g Energy- and Recoil 'Mc')m_entnm Resolution
1. Energy resolutlon . P
Energy resolutwn factors in a complete three body experiment are
s1m11ar to the two body case, w1th a few exceptmns The most str1k1ng
| d1f£erence is that d(T + T4)/d6 denved from the three- body kine -
" matics rs ‘smallér than the dT/d6 in the t_wo bod_y case. If this were not
true," it _w’onld be very difficuit to _‘do a bgood resolnt:i.on three body expe.ri-_
ment.‘ ‘ "The‘three' ibody ”d(T3 + T4)/d9 is a st‘rong ’fnnction of target
rm.ass‘.an'd s‘c_atteri’ng -angle, van‘d in the case of the quasi-elastie-angle
(no recoil energy). d(T. + 'T4)/d9 =0 for point detectovrs.‘ A plot of
summed k1net1c energ1es vs. 9 is glven in F1g II- 9, ~ The duantity |
d(T + T4)/d9 is derived from such a plot Angles typ1ca11y stud1ed are
h1nd1cated the vertical 11nes show the range of scattenng angle due to
finite angular detector acceptances
A rather 1arge loss of (a, Za) energy resolution at E 90l M€V can
come from the target 1f its thlckness is not opt1m1zed If an (o, 2a) event -
occurred on the target's back edge, the energy loss is that characterlzed :

by a smgle 90 MeV «a part1c1e' passmg through the target. This energy

AE, (gfg) |
90 MeV

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

1oss is given by

(111-3)

character1zed by two alphas hav1ng E = 40 MeV In addition, the 40 MeV
part1c1es penetrate more target materlal since the scatter1ng angle was

~always unequal to zero. In th;s case

cft \[dE ) o |
AE, =2 >< > S (I1I-4)
2 (C“ 9/\dx / 40 Mev
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vThe pos51b1e energy dlfference at these extremes is then,

| 2 dE o laE\ -
AE AE - AE, — < ) : Q > . J {I11-5)
o o . [ws 0 '_ dx ) 40 Mev |\ 9% .~9o MeV h

and contrlbutes to‘ the energy resolutmn F1gure 1I1-10 summar1zes
this 51tuat1on. Fovr 11ghter targetsﬂ a _th;ckness of" SOO_Hgm/cm _seemed
| prudent. For heayier. targ‘ets: the thi_Cknesvses_c'o'uld he' inereased‘in‘

| proportion to At/Zt Vw_ithout chang.ingthe .energ‘y loss.

Figure III'QM _proyides a su_mrnary o-fj.fac'to‘rs.' contrrbnting to the
energy re‘solntion'f'or .the symmetrie 26Mg(a, 2d) case. Tv.he‘finite -
geometry curve is the k1nemat1cal contrlbutlon to’ energy resolutmn
arising from the_ f1n1te acceptances These are treated in deta11 in the
next sec’tion." This .'contri‘bution was a strOng function of 'angle, and is N
seen to have a non-zero minimum at the qua51 elastlc angle (41 ) It
would be zero at this angle for p01nt apertures , The _c_ontnbu_tlon from
target th1ckness increases ‘w1th angle. The re_rnaini'ng.' c_ontr'-ibutions
were not .fnnctions "of angle ana were 'famiIi'ar .from two I)od'y experi;
ments. The stragghng contr1but1on was dommated by the Al e snp—_
pressors, wmch were. 1 5 mg/cmz' thlck | |

- The total pred1cted energy resolutlon was obta1ned by addmg the
components in quadrature. a.nd is given by a solid hne 1n Fig. III 11 The
expenmental results leading to the 22 Ne (g. s.) are glven as_‘squares in
the figure. The prediction qua-litatively fits the 'experimental s,hape, al-
though there is a disagreement of approx‘imately 20 heV in the normaliZa-
tion, and the 41° point is unexpeetedly high.- 'T'his may be due to c:om—
paratively poor statistics in the 41° data. The ‘normaliiation problem
may be due to the folding procedure, an nndereStirnate of veffect’s' out-

“lined in_Fig.v 1I1-11, or the neglect of nonecoplanar factors.
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o Back edge reaction

|90 MevVa

T
t
Kl

18 140 MeV a

~Front edge reaction ‘

 XBL7211-4434

Fig. 1II-10. Target resolution effects in the (o, 2c) reaction.
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2 vRécoil Moniéntufn f{esdlutio_r;

| 'I"hevlarge.ang.ula.rvuncé'rté‘int.;iés .r.e.sulted 1n the‘ agfcepténce vc;f'a
recoil momentum range at a g.iven. angulaf $vetting. | It h_as been pointed
out vth'at_i [ Gott 70] thesve uncertainties also (:éuse a shift away from the
_nbrriinal recoil momentum, ‘ particularly.ﬁear the quasi-élastic angle.
Table III-3 summarizes .the angulé.r un.éertainty'origins. These three
contributions Wére folded by use of the con\’rbolutibnﬂir.ltegral [M‘oss 66} :

Coplt) = / 0(x) X (t-x) dx . (IT1-6)
. . | = ‘ v

The resultant peak is ‘é.'pprokimately Gaussian in shape and has a FWHM
~of 2,80;’. Given this an.gula’r‘_un'cer‘t‘ainty, the error in the recoil mo-
mentum'méy be obtained frc‘>m'thr'ee. Body kinematics by solving the
.k_ine'mati'c'equa't_ions for q (r‘e"coilvmomentum)_at' the limits of the angular
:ac:c'eptahcés,

. Figure II-12 gives the results of .thé angular convolution. The t-
a.xis‘;is proportional to angle unceftainty, and the distributions X(t-x)
cdrrespo'nd to the 2;O° uﬁctertainties. The function 0(x) is the 0.5° error
,duertvo'beam convergence. The p(t) is the intermediate convolufion of
6(#) and vX(t—x),v Whiié | f(bt‘) is the final result. All functions have been
noi'maliz‘ed to u'.nity’..,v It'.is worthwhile to do this careful analysis 1n order
to derive thé error. due ito finite georﬁetri‘es in the variable q. This is
necessé.i'y since thé triple diffé_rentié,l cro'ssk section is often plotted -

" versus this variable (mdméntum correlation), aﬁd also this analysis
v 'pefmits the ave'raging of fheoretically derived quantities over the radial ‘
: angular accep_t;ancés. Thesxe proc:edures_arelfollowed in the (@, 2a) data

‘analysis.
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Flg I11-12. Folding proceddrc for determining
total radial angular uncertainty in the (@, Za)
experiment.
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Origins of radial angular uncertainties.

Origin Angular Uncertainty vDi.stribution_
Detector angular 2.0 ‘R‘ec‘tangular
acceptance
- Finité beam qult ' - 2.0 R‘ecfangular
Beam cénvergence‘ at 0.5 Rec'tangular

target . - '
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The finv‘ife deté_ctdr size also Iir'x_t‘ll'odu'__cé's:-non-cépiénér éffeckts in .
"reccv’)il‘mor.henturn“ i.jéso.lut.ion. N.ucle{ar stfﬁc‘léure_'inféi‘Arna'tio.x:x;fi's., 'obtain_ﬁ;
able from fhé-’non-coéla;naf v'(p,.Zp)v re»actionﬁ[ Jac 67a>;,.]- , ahd fhése iaeas :
| h'avé been extended 'to ex'aminativon of Vno.n-c'}oplal.aarr effects in coplanar
Qu'ééi;elas_tic sc':avt_tevrAing [Elt 67]. .-'II‘hc.a"rjno,s_t sigﬁifiéant..1101:}1--c.:vd'p1ana'1‘r
bin’flue;nc'e:. o'cbpﬁrred heaij q =0 for L#0 tr'anSitioivlsv irivvthbe_ _angu_lar_
éor'rélatidﬁs:. ‘'The Pwm':prédiéf-s a 'st'ro;x'g' minimum in such'a case,
a.n(‘i. éxperirfx_ént's .ha;v‘e\a.llways :s,ho;’&n a 1e.s'vs prdnou_ncéd fninirx;um; In-
clusion of distofti‘on effects tend’s to fill in the rhinirn’um, and Elton and
Jacksén'[El’t 67] "..ha.ve shown that"non-copl.anar effects in DWIA calcu-
lations also raise the minirr_:lu'm towardsl éxperirﬁehtal agreement. 'Né‘n-
coplé.né,r effects have not been included in the (a,Za) theoretical calcuia— '
tions sihgé these Qere done only for L ':>0 tréﬁsfers. The L = 2 (o, 2¢2)
dva..ta have shown very little indicat;iori of minima at q = 0.00 in the 'Aangular
correlation, and this suggés'ts that distortions and/or. non’;c’oplanar ef-
fects were doﬁinght; ' Much more 'éXp:e_rimenta;l' Vinves‘t:ivgatibh‘i’ri -'c-:opléh;'a.r_'
and ﬂén—coplané.r "c'c}nf.ivgu'ratio:ﬁ‘s is nee‘d'ecli to Qnravel thé'se:problér‘:ns.l

E. 'Data. and Ellror Ana.\lysis' - | |

1. .Sing.lesvdata |

The acquisition c;f singles: data alldwed én,ergvy 'éélibi;a.tidn as well
as providing a check on the chance bé,ckgroupd obgerved 'in'the; true +
chance céincidence array. Figure I11-13 shows '12C(a,a')»spec'tra taken
in one experiment. Calibration of these spectra based on the known |
_ 1ZC states establishes the T3 scale in the T3 + ’f‘4 vs. '_T3 coincidence
plot-. Several targets“were' used in acquiring sing‘les daf«a, thus leading

' to a better determination in the T3 calibration. The singles data
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, 1nd1catcd that the lower energ)r cut off error in 'If3b was - approx1mately
£1. 50 MeV. | Thls 1nterpretat1on was con31stent w1th pulser cahbratlons
as well as Wlth.extrapolatmns in the-_T3,+ ’I‘4 spectra.' The T3 calibra-

tion is -"found in App'endixesv INA and v, where the coinci'de-ncej'.data a'r.e.

surnrnarized.; |
S 2. Co1nc1dence data analys1s

Every stored event was charactenzed by three parameters ‘two -
e"n’ergy signals (T3 and T4) and the TAC s1gna1. This information.was

written in binary mode by the ’PD'P—S: o'n\_IBVM_"rna‘gnetic tape. After com-

pletion of the experiment, these tapesiv'were analyzed on a CDC 66005com—l'

puter. The first level of ana1y51s was to use the prograrn TAC which
reconstructs TAC spectra from the data tapes - Plots and pr1nt—_out of
these spectra enabled 'extraction of logical‘ gate's 'v&.rh-i’ch characterized
‘the true + chance and chance peaks ' Th1s 1nformat10n was then supphed
to the program TWODI wh1ch then scanned the data tapes, storlng those '
energy events which satisfied the TAC loglc in approprlate buffer areas. |
The analys1s program was ﬂexible 1nv that only the k1nemat1c reglonvs B
which were,approprlate for the reactvlo_n Q_-values were prlnted and
.plotted This truncation was appropriate becanse'only ’a s-mall part~ of.
the complete untruncated energy array (2048 X 2048) contalns the true
coincidence data

Figures II-2 and III-14 give exarriples of two dimensional energy
arrays.. TWODI forms the sum T, + T4and plots this vs. T, so the
data appears as kinematic bands, similar to 'the bottom of Fig. _II-.Z, in
the computer print out. - The curvature of the vkinematic lines was due to

the recoil energy. This feature is seen in the 4—_4Ca(a, Zd)40Ar Dalitz
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DALTZ PLOT FOR. 44Cdx,204CAr AT @l

TRUE + CHANCE
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Fig. 1I-14. Dalitz plot for the ~*Ca(a, 2a) CAr

reaction.
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plot [Willr71'] given in f‘.igv III-14 : 'The':dash'ed .1in'e:s 'intend-:to"guidethe -
eye through the channels conta1n1ng the max1mum counts correspondmg |
to the 40Ar(g. s‘_,_), and ’the reactions on the 16O 1mpur1t1es leadlng to the
1'ZICV(O.,O) and 12C.(4.,'44) states. The top part of the f1gure is the data gated
by the true +. chance peak and the m1dd1e prlnt out IS the same k1nemat1c
reg1on but 1t was gated by a chance TAC peak F1na11y the bottorn portmn
1s the true array Wthh corresponded to the true + chance array cor-
rected for v’che chance’ array ‘and for the k1nen:1at1c bend due to the re;' .
coiling nucleus. _ | : o |

A further function of‘TWO.DIi was to form Té +T4 projections.
Figures 11-2, III-14, "and III-15 i.ndicat.e that a kine-rnatvic coirr.ection'
was nec'es sa:ry to 'reaIize the best resolution in. a T3 +, T4 pro'jection._

An example of the improyement is giyen in Fig.. III-15. _The'top figure
“is the projection ‘without kinematic correcttion; and the hottom figure is
the same spectrum with the ‘c'o_r:re:cti.on." The correction yielded a factor

of two improvex.n'ent.in' resolution .'for the 40Arlv(.0.0v)‘ case, ar;d was
optimized for'jthe 44Ca‘(d,2d)'reaction.. Hence, a _si_rn‘il'ar' iniproyement
was not .o_btained for the 160_(‘01{20:) vimpurity reaction; A prirnary ourpose-
for making thi.s'.corrected projection was to identify Weakly:e-:.icited states;
an example.'is provided by the '507»5 MeV ieyel in 40Ar. " )
_3. Energy calibration of pro;ected spectra o

The T3 + T4 prOJectlons prev1ously descr1hed.;l)rov1ded the means |
for extracting excitation energies in the _re51dual nucler,‘ The calibra-
tion was done internally, since the ground and first_(-:xcited states in the
residual nuclei were unambiguous; 'Aiso, 160 and 12"C 'contarninants

usually contributed peaks for energy calibration. The method was to
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- make the kinematic correction .bpreviously' described at the Apoint‘ '

T, T4, and then pro;ect onto the T3 + T4 axis. Then cme'ntroids were

3"
extracted from these data, and used in a 11near least squares fitting
program (MADAM) wh1ch estabhshed an energy cal1brat1on for the

:T3 + T4 axis. The program also returned exc1tat1on energ1es when theb
‘channel number of van unknown peak was read into’ the program The
" reverse” k1nemat1cs.for th1s case 1s g1ven 1n Append1x I.C. With few
;exceptmns the. f1tt1ng was done over avsmall ex01tat1on reg1on, andvln
' no case could ev1dence for non-linearities be found Known levels popu-
_ lated in th_e- ‘(a, Za) reaction wer‘e usually e,xtracted with_an error of
+ 50 keV .or less, alvthough a 1arger error ‘was usually assi‘gned for the
weak excitedk s.tates.' |
4. ,'Ext_raction of triple differential cross section

The most detailed'e'xper'imental information obtained frorn these »
-experirnents waslthev triple differential cross se‘ction. ‘This cros sv |
section is kunic.1'uerto kinematically COmplete three -body reactions., and
prov1des strmgent tests for nuclear theory The tr1p1e d1fferent1a1
Vcross sectlon (d o/dﬂidQZdT3 v: or O (9) ) in units of [ mb/(sr) -MeV)]-

- was extracted from the.data by the formula v :
*A % Z *:cos(G)

: "d30' o 0 265 * NeTs : - o
&, dT, - T T ¥C* %, FAW, *AT, -7
where V '
NCTS = no. of counts w1th1n the bin width AT3
A = molecular weight of target
zZ = beam .charge
6 = angle between target perpendicuiar and beam direction
T . =target thickness (rng/cmz)'
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.. C . = integrated beam current {rC)
AR, = CTR 1 solid angle (msr)
AQZV = CTR 2 solid angle (msr)
AT, =T, step size (MeV)

The AT'3 bin size was typically 3 MeV. Due to large solid angles the

'v03(9) are experimentally integrated over a non-infinitesmal volume of

» phaée' space. .This e‘ffectswas discussed in the literature [ Gott 70],

and the apprqéch adopted h.e.re was to ave'i'age thé.obry »Q'ver the same
exl:;erirhentally in.tegl.'ateld region; since it is difficult to correct III-7
‘forv finite soli'd'va.,ngle effects. - | |
| 5 (.Jhance' analysis van'd.trvp.’e-—to—cha'nce'ratio
é. Chance analysis
This section éummarizes chapce evaluation for the case_bf rgndom

coincidence using a cyclotron beam. The discussion is similar to

‘earlier work [ Moss 69].

The corréction for chance events in the true + chance array was

not nécessarily a straightforward subtraction procedure, i.e.

true = true + chance - chance. This procedure is only valid if the

number of particles in each beam burst remains constant. - ‘To see this,

~consider the following definitions and'developrﬁenﬁs_: _

Te = period of pulsed beam
C = average singles counting'rate
o ‘ .th :
Cii = count rate from i— beam pulse
Cii‘ = chance coincidence count rate from prompt beam burst
CCii = averaged chance coincidence rat'e. arising from p‘fompt

beam bur st



S -T4-

N = to_tai. number ovf" counte
Ni- = singles counts from i beam_burst_
Nii = number of chance' events in prompt beam burst
? 'Ncii = '_a;ie'raged number of'.chanc:e’;"coin'cide'n'ce counts from the
it—}l. burst
. Cci' = averaged chance c01nc1dence rate arlslng from delayed
I beam bursts » : : '
T = length of experiment in'secondS' '

The average 31ng1es count rate is
. T/'r

:”‘""‘j' 1

i=1

| VA

(I11-8)

't_.]|..-

The total number of counts N, and total charge Q, ‘are related to an
average number of counts N and ave_rage_ charge Q:
QT

ST
(o4

N and- Q =

(111;9) |

‘o*.IE'

» Further, the S1ng1es counts in the 1@— beam burst for detector 1 is:

NiQ SN,
(N) 5 < = 9 - "(111-1,0)
= i , _ _
which has the corresponding count rate
(Cy)y = (N)) /'r - 1)

Also, the ‘chance c01nc1dence count rate comlng from a prompt beam

burst is S , :
' (N, (NL) L .
: _ _ i1 i S
.Cii =T (C.) v '(C')Z = —-————T—C—— SRR (III-iZ)

where ZTR (tw1ce the resolv1ng t1me) is taken to be the cyclotron period
T Thls subst1tut10n is vahd in thc present case since 27R~ 16 ns
' While _frc 100 ns . The nu_mbe_r of chance eyents 1n: a prompt beam

burst is

*
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N ':7 C =72 (N.),(N.) /'r2 - (IH-13)’
Sl e i e T2 e | o

and the total number of chanc;"es Nc is

’NiiT-:T' T/:c o _
c. c i .
| B . i=1
Using Eq. (III-10) in (III-14) the number of chance counts from the i—tE
beam bursvt ise : T/ >
| N L RE, ) % III-15

cii = T 172/ =2 (II-15)

c =1 Q)

and substituting for Ni ‘and —1\-12 from (1I1-9) intd (III-15):

T/-rC
R 'r S '
_ ¢ N =2
_ Ncii = =5 N,N, ) Q‘Zi/(Q) (I11I-16)
i=1

(I1I-17)

where CC‘ii is the averaged chance coincidence rate arising from a
prdmpt beam burst. A chance event resulting from a delayed beam

burst is described by a similar eqﬁatio/n:
. S » ' T/7

e Nk . _2 '
c:Cij =1_.C,C, ) Q, QJ./(Q) - (111-18)
- i=1 ' ' :

Wheré -Qj is the charge in the délayed beam burst. Two vectors of
arbitrary dimension obéy fhé following inequality

o gt a’."a*zpz +‘q222vf)’.'a | (II1-19)
Applyin‘g"(IIIA 9) to :surns' oécurring in Eqs. (III-17) and (II“I-18)
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T/r  T/r_. . T/t . |
C - - C K‘"“.C ' : .
e N &t =2 v Q.Q. © (III-20)
| ! ;/__' ) ' / j : t ,J
i=1 ji=1 ij -
or N
VAP VAR
N7 f =N oo
- 1 ’ / J
Lo bl
i=1 ij

Thus one obtains the result:

Cc'ii =Coyi o o (IMI-21)

This aﬁalys.isv shows tha.t a correétion should be made to the chance
array before ‘subtracting the chance information from the'trué + chance
af;‘ay. This correction factor was found in the (p,'.p'y) work [Moss 69]
by -comparin'g. the 'y's'iﬁ coincidence w1th elasticallf s;attered protons |
in both the .tr'ue + chance a‘nd>éh.ance érfay's. The défived_’cori‘ection
factbr v§vé.s 1.08. In the (d,Z.'d‘)»cés».e thié correction factor was found by
compariﬁg the suﬁﬁxatibn <')f clhance' events comi)osed of scattered
a-parficles whoée summed‘en_ergies §vere greater than the (a,2a)
- threshold. This comparison waé made between the true + chance and
chance arra‘xysv as in the (pv, p'v) experirhent; Statistics usually afnounted
to at leaét'ééveral hundred events; andvan 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 inclucied
in that aha.lysis. However, it was used in the analysis of the 1/73vex-5v

periment and was found to affect the extracted cross section by approxi-

mately 10% in some cases.
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b. True-to-chance ratie_'
The t_rue eo,incidence count rate is'rg’ive,n by Eq .(III}?); '
: = * *® x I % SOX ¥ : -
NCOINC K=*g (6») T I 'A.Qi : AQZ ’ A‘T3_ '(III 15)
where 1 =C/t = véveraged beam current, K ‘is a éonstent, and the
other quantities v_s./ereb.given'previe-iisl'y._".The' chanee c»Oin'ci’dence rate
(III-16)

= %
v NC Z'I'RN1 N2

»

where the singles," counting rates Ni and N2 .are given by -

N, —K * 0(0) * T ¥ I%AQ

and Ki ‘is a const'a'nt,; The'quantity 'rR -is the fast coincidence resolving

" time. Then the true-tcﬂc’:hance'l_'atio (R) is

R= —Q0E o« s (11-17)
e e

' In this coincidence experiment,’ 63(6) is expected to be small, -thus

(III 15) shows that the reductlon of the product (T * I) should not
be the f1rst or best method to increase R " The sohd angles AQ1
and AQZ must f1rst be made as large as f'eas1b1e, taking into account
the desired resolut1on in energy and rec011 momentum Then, if
necessary, reductlons in (T * 1) should be 1nvest1gated as a me‘ans for
obta1n1ng a more favor_vabl_e R. |

Because of the relationship between solid angles and.trne-tbeChance

ratios, the choice of counter radius maintaining a constant solid angle

~ is not 'st_raightforwé.r.d._ This ié'bec'au’se radial_ang‘ular_ resolution can

be improved b.y moving the"-_cdllimato.rs* closer to the target and cutting

' v_down_the radial width to .m"aintain a constant solid angle. The angular
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'-res'o1u’tion will always' 'im'pr'ove‘ 'since dSl:a. -1—2 - and d9 a % "How-
ever, the vert1ca1 angular opemng w111 1ncre1ase,‘ and non- coplanar ef— |
fec_ts W1ll become _rn.ore 1mportant., Thus a balance must be found be- '
' tween the Zradiv_a’l 'andvv"e,rtical' angular apertures; L |
A macro-s.tructu‘re':Wi'th_ an :app'r_oxim'ate_?s ms 'p_e"riod was obse_rved

1n the. earﬂl’ie’s’t data accumulation experiment. ’I‘he jst,ructure was be‘a'rn
off 40% “of the 'tlme and .on'6'0 % . F.rorr.ivK. (I:II-l7)' for ‘R_ this macrof
s‘tructur'e.v'i‘is seen to advers"ely ‘affe_ct.th.e t.rue—t_ov'-cha.nce ratio, since .
the "'s't'rﬁ'etﬁfé is .equival‘e'ntito an i'nstantaneous incre abs.e_ of I, the b”eam"
curr'ent. To compensate the macro'Qstructure, it was neceSSary to -
limit the aVe'ra_ge 'silng'lesn'co"unt ‘rate in the (4/72) jexyner“iment to 10,00.0
(sec)l_.1 orless, 'which was equivalent ‘Ato'-ab‘out‘ 1"5;,0‘00“(s'e¢})'1 instantane -
ously. The problem was eventually traced to. regulator 1nstab111t1es, '
wh1ch caused the deflector to sw1tch the beam on. and off W1th 120
: (sec) -1 _freque_ncy.

Tahle 1II-4 summarizes inf'o_rmatvion‘ pertaining to the ratio R. The_ |
first three columnsz giire'the'experiment date, target, and sgrmmetr'ic
scattering angles.. The. fourth c()lumn ref_ervs.' to th‘e’.experimental geo_rnetry_ -
‘used : and theyvare- summarized in Table lII-l ’l‘he singles count rate
‘and the ratlo R der1ved by summing the ground state trans1t1on k.1nemat1c
reg1ons for the true + chance and chance arrays are g1ven in the last two
columns. Often, the s1ngles C'Oun_t rate was limited by.a\(aﬂable beam
'in'tensity and target thickness; this is most.noticeable. for ,t'he_* 8/172

. .‘3081 data.
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True-to-chance ratio data for the (d,Zoz) experiments.

Table I1I-4.

Singles

o .' o Ang_lé S count rate
‘Dat(_a T»avll_"get - (sym.) Geometry (sec)” R
4/72 2_831 ) 350 _r_A‘ g ._8,000 | 20
4/72 oo 35 A - 8,000 a1
4/7'2-'» o Z"M'g.' ' 350 A 6,500 26
4/72 240 | 350 A 6,000 50
- 8/72 124 _35° f A 14,000 103
8/72 30g; 350 A 2,600 36
8/72 '6(‘)-%-1 C3se A 8,500 38
8/12 40¢, 320 ,A 14,000 24
1/73 . 1,60 . 28 ‘B 8,000 6.
/Y | 28° ‘B . 14,000 6
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.Note th_at 8/72 data'vvere .'g‘enerally-taken at a higher s‘in-gles |
counting .rate, yet the rati‘o'fR" waslequ‘val or better_ than 1n thev'experi-:
ment of 4/72 ' This ~reflects the b’é;im 'mac‘ro-}s"tructure problem which
‘had been re solved in the 8/72 experlment, Also, FRIWJas .lo?We’r by more :
than an order of magnltude for the 12C 1/73“é><péfi'fn‘e‘nt as compared
to the 8/72 run,- because the product of sohd angles between the 1/73
and 8/72 experlments d1ffered by more than a factor of ten.

6. Monitér counter and dead time correct1on o

A further a;nd ,ve‘ry 1-mportant .correct;on that _must:‘be -applled to the
‘ravvvda'ta was a _fa‘c’tor vrhlch correcte_d fior"ele(:t'ron.i.c and, c'o,mputervf |
dead 'time. A dead tirme correction :fa_ctor' was obtainedfby:'-tr\ig'gering a
pulser 'sys'tem from the monitor coun't'e"r. t Siénals ‘simulating 'two co-

1nc1dent @ particles were fed 1nto the preamphﬁers. Then, by com-

paring the number of trlggers with the number of pulse generator events _

eventually wr1tten on magnet1c tape, an overall dead t1me correctlon
fac_tor was found. Reasonable assurnpt1ons concernmg the dead time -
arising from the pileup reJeetors an‘d.the TAC _unrt gave agre.ement .
within. a few .per cent of the experimentally extracte"d‘dead time. Due

to the slow coincidence countmg rates (™~ 1 - 10 (sec) ) the computer -
_accounted for orily‘ a small part of the dead time. Further, the moni-
tor counter was: also used to detect any change. in effect1ve target

~ thickness from run to run: ‘no s1gn1f1cant changes were. observed
’.Flnally, the monltor pulse was always arranged to fall w1th1n the '.
chance gate whlch was being mon1tored by the computer Thispro—

vided a convenient method for detecting gain sh1fts

-
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7. Data reproducibility

" Several sources of éystemaﬁc error were bossible. In Fig. II1-16

: data for .thé:' 12C'(ar,»'201)8Bé(0.0) reévction Ifaken, nine months"‘ap'aﬁrt are
_givén.' ‘Different aiezt‘éct(v)fs and ta'rgét;s:'wé‘re.' Q's’ed.. The same s'catfering
chamber,’ solid anfgles,‘ aﬁd ':c.ountin'g electronics were used. l;I‘he open
c.iljcies éorr_espond to data of 11/71 and the closedvcircl‘es to the data
of 8/72 N(I‘)'no_rrhalivzation was used between tﬁe two experiments, and
in cases whe_ré daté. weré fakén é.t the same angle, the d'._:a_t'.a_:we‘re in
'agvree'ment within the sté.tistic S. |
However, the experiment 'of. 1/73 which had I;ather différent solid'.
angles and angular ,acce‘ptance's (cf. Table III-1) did not normalize‘ 'to‘the
earlier experii'nents within the 12% étatistical érrors. On the basis of
the i‘équired .norrﬁalizati-on it was estimated that the absolute cioss |

section scale error was 40%.
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_IV Experlmental Results
A, PrOJected (T + T ) Spectra and Observed Energy Levels
1. 12C(a, 2a) Be and O( a, 12C reactions

" The ’.I‘3.,+ T4 projections of the ZC" and'iéo' (a‘,' Za) ree.c.tio‘_n‘s are
giv‘env in Figs. IV-1 anNd'IV-Z.' ’I.'he's_e.'projecti:on..s have been corrected
for the"cur'val_:ure in _the T34'-. T4 vs. T3 energy plane as described in
SecIII -E The (a, a 3He) thresholds are indicated in the figures, and
they iie well _below thesummed ener‘gies?corresp-'onding to (a, 2a) events
lea'ving the re51dual nucleiin _the ground and low excited states. There is no
evidence for (a, a 3He)‘ events coming from the 12C ancl 16O targets.
The_ beckground coﬁnts occurring from'tne highest to lowest channels

" are due at least in bart to chance events; these spectra have been |
" . chance cOrrected and_ if nega,tive' counts were piotted, the baeeline
(vzero counte) would be 'envelo'pe'd vﬁth ”noise" ‘dvue to the chance cor-
rection procedure. There kma'y be fonr—body breakup background in
th‘eﬁ.ﬂi ZC(a,:ZajSBe“ sp'ect'rur'n, Since the 12(73(0._,3'(1)'0. reaction 'has-' a Q-
value of -7.26 MeV. This latter reaction has a Q-value of about -14
MeV for' the 16O target.

Table‘ Iv-1 summerizes‘ the.states obS-erved in the '_8Be and 12C
‘residual nuclei. vThe second column gives the exciration energies used
in f'ittinbg a linear least squares line throngh the data. 'Since only two
levels were co'n‘sib.ste_ntvly observed in t;hese nuclei, vno prediction for
the error in the excitation energies-hence the 'fi'ttin'g-proce_dure—was

' | 12

possible. However, the linear fit to the C and 8Be data were con-

sistent with slopes obtained at different 'a'ngles and dlf_ferent nuclei.
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v:Table IV‘ 1' Summary of observed levels and 1nten51t1e$ w1th E and

J™ from the literature for the ’Be and C nucle1

Nucleus - E R CE..J7 8 . ‘Integral .

Error

exp - _ lit '
C(Mev) (Mev) (mb/(sr) (mb/(sr
8Be 0.00 000 ot 350 489 34
2.90 290 2T o 2.54 .25 -
12 0.00 0.00° o 350 3.4 35
4.44 - 4,439 27 . .88 17
B O+ . .

. 7.65 . 7T.653

2T. Lauritson and F. Ajzenber'g—Sélo'vev, Nucl. Phys.

bF. Ajzenberg-Selove and T. _L'aui-itgon; ‘Nucl. Phys

78, 1 (1966).

. A114, 1 (1968).

"y
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The th1rd and fourth columns give the exc1tat10n energ1es and J " values
'from the 11terature, the 8Be ‘data ‘is taken from [ Lau 66] and the 12C :
data frorn [AJz 68] . ;The sixth and seyenth columns present the inte-~ -
gr'ated‘ energyl correl"atitonST and the a's‘soc.ia'te'd error a't the s‘Ymrnetrtc
angle listeci_ in the fifth coll.imn.b The 'intent is to give an indication of

- the rel‘ati:w)é _’excitat'ibon strengthe 1nthe residual nuclei. Errors listed
in"‘_ the seventh- column represent the difference between trapezo'idal inte -
gration based on the d:atavpoints and the .integrati()n' based on the linrits )
of the statistical error ba'rs-; ’I_'h"rs analysis indicates that.the first ex-
cited st'ate:t»ransitions"in-thev'_sBe and 1%C residual nuclei are not as _
strong a‘s'the gronnd state transitione. This is particnlarly pronouncetl
'_fc'or the 125 residual nucleus,

24, 26 20 22 28 304 24 26

2. M (a, ' ""Ne and S( a,

The T.+ T, chance and.kin'emat'ically’corre:cted spectra from the

3 4
24, 26 20, 22, 28, 30 24, 26.

Ne and the Si(a, 2 a) Mg reactions are

160 and 12C target contammants are

Mg ( y 2a)
g’iven in 'Fig-s IV:-3 to IV—6 The
apparent in all spectra except p0551b1y the 8Si target. The (o., a 3He)
'thresholds are also mdlcated and only in the 26Mg and 28Si targets |
i are there 1nd1cat10ns that this reactions occurs._ The‘most remarka‘ble
featnre cf these' 'spectra-is the predominance of the ground s'tate transi=-
ticns. | l‘ |
Table IV;Z summa"ri.zes the observed states in the 2ONe and vZZNe
‘residual nnclei " The ONe excitation eénergies and J ‘valuesv'are taken
from [Ajz'72] and the corresponding 2Ne. inforrnation is taken from

the O( L1 t) Ne[ Scho 72] and the 21 Ne(d p) Ne[ Neo 72] reactions._
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T'ablé Iv-2, Summary of observed_ levels and 1nten31t1es with. E and
J7 from the literature for the 2 Ne and. 22Ne nuclei.

Nucleus E-x - Error. .. Elit Jw 6 Integral “Error
o (MeV) - (keV) (Mev) .~ = ’ (mb/(sr) ) (mb/(sr) )
206 0.00 20 - 0.00* o} 35 131 A5
1.63 %35  1.63. 2+ N . .108 - 042
S 4.25 .60 .. 4.25 47 018 . .019
. 5.70. %60 5.62,5.79 3,17 063 .031
6.72 7 £50 6.72 - 0Y . 065 .028.
11.41 -~ *50 Many levels . . .039 . .022
22Ne. -~ 0.00 ‘%50  0.00° ot 35 1.03 12
: - 1.28 60 . 1.28 2 46 .05
4.49 80 4.46 27 .025 - .018
5.84  £60 - 5.93 - .018 .014
6.31 80 6.34 6+ .052 . .024
6.95 £150 6.90 0 .030 - 016
7.57 1',2 - .059 .026

*60 7.49, 7.64

F. AJzenberg Selove, Nucl. Phys A190, 1 (1972).

a
PWw. Scholz, P. Neogy, K. Bethge, and R. Middleton, Phys. Rev.(C)
6, 893 (1972); P. Neogy, R. Mlddleton, andW Scholz, Phys. Rev.
(C) 6, 885 (1972). ' S
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Data taken .at all'éngles \.Nei'e.u.Sed .ﬁo extrafc't an a've-ravged e}vcperimental'
excitation energy; the errors w‘er"é‘det\e.rfni'ned" by comparing tﬁé av-
eraged experim'erital'bevnerbgy fbf levels with .energies ‘kno'wn from the
literature. These estimated erro.rs,Were' uéually greater than the sam-
ple standard deviation derived from the é.'verégeden’ergies. |
The cx’pervimental ‘reso_luti'qn and statistics ‘wer'e not édequate to

20

discern whether the weak excitation i'n.thé Ne 5.7 MeV regio’n was due

to the 5.62_MeV (.3-)v‘or 5.79 (1) states. The weak excitations observed
in “%Ne at Ex> 4.49 MeV seemed to correlate with levels observed in
- the ‘180(7Li,.t)2f2Ne reaction [ S'chq_k72] .. The final tWo columns in Table
IV -2 indicate t‘he\"grddndaét'a.te' t‘rangit‘ic')n_sv‘are 'dornin'ant,'} With the first
excited J" = 2t states hav.iri'g .si'gnif'i'cantly less st?ehg_th and being more
éharac.l:.ei'istic of the higher vc}eé.k}y excited staté{s. | "

 Table IV-B sur.rimar.izes"v the levels ('):bserved ih.ﬁhe' '24Mg and 26Mg.
residual nuclei. The excitation energie‘é and J" assignmerﬁs are taken
frd;n [End 67]. The éxperimehfai errors Qere dete'_rmineld.las in the
20Ne and 22Ne nuclezi. The weak excitation iﬁ the 24Mg 4 MeV region
v.could not be unambiguously-aséigned td the 4.12 Mer_(4+) or 4.2’3 Mev i
(2+) Vlevbels. The calibration did seém to favor the 4.23 MeV state, how -
ever, .The 5.23._‘MéV 3t level in 24Mg_ is the only evidehce' of unnatﬁfal
.parity' state poi;ulation in 'th¢ iﬁresent (a, 2a) .surve_y.". The 26Mg Sta;tis_
.tics were 'comparétively pbor dti'é to the target thir‘més.s, and Fig. IV-6
indicates cons:ideré;blé 160 aﬁdizc targ’et. .contaminat.ion.. ) Tﬁe final

two c_olﬁmns of Table IV-3 have the same systematics as theﬂzoNc and

ZNe nuclei: a dominant ground state transition with compératively



Table IV-3, Surhrhary of obs‘erved

vels an(%éntensunes with E a.nd

24

J™ from the literature for the 2 Mg and ““Mg nuc1e1
Nucleus E. Error E,. T e Integral Error
_ exp. Clit. o T o A > >
(MeV)  (keV)  (MeV) - (mb/(sr)”)  (mb/(sr)")
| : N a .+v '
Mg -0.00 +20 0.00 _0+ 35° 84 A1
C T 437 %40 1369 2] 156 047
4.23 %30 4.123 at2
. 4.23 |
5.23 +70 5.228 3 033" .020
7.69 x50 - Several levels 040 1.023°
- 11.47 + 50 Many levels .045 .021
260Mg - 0.00 %50 0.00% 01 35° .61 A6
1.81 - 50  1.809 2. A2 .07
2.92 +100 2.938 _2+ --- ---
3.53 . =100 "3.585 0 -—- ---
®P. M. Endt and C. Van Der Leun, Nucl. Phys. A105, 1 (1967).
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w'eak'transit'ioris to the excitecl' vstate;s ‘A prekus study of the
28Si(o,, Zti). Mg react1on [Ph 69] at B - 104 MeV' suggested that the
1.37 MeV and 4.23 MeV states were populated more strongly than the
‘ M-g ground state. vTh.e result at Eo.:' 90 MeV is contrary to this con- V
clusion. Fﬁifth.ermore;" the ZSS.i(a,’ 2a)24Mg 'ifeactAioﬁ' was studied at
.Ea:: _70‘ MeV [ Kene 73], and the 24Mg ground state wa_s. aleo dominant

at this energy."

C3, 10,44c, (a,2 03640, and ®0zn(q, 20)%%Ni
~ Figures IV-7 to IV-9 give the prOJected and corrected T + T4
, Spectr'a for the 40, 44Ca( a, )36 40Ar 'and 66Zn(a, 20.) Ni reactions.

The Ca targets have a large oxygen 1mpur1ty as ant1c1pated The cor-
'relatlon angles stud1ed_ in the Ca targets were chosen to ensure.rn'in-
irﬁai data analysis problenr‘ls .in_ refrnovihg contaminant 1ZC bands. The
projected 36Ar ép.ectrohl has .considera'bl.e structure above the (a, a
He) threshold.
Table IV-4 summarlzes the remdual .1evels observed in these nu-

36ar and 4OAr data are taken frorr'lv [ End 67] and the 62N

" clei. The
info‘rmation_ fro.xln' [ Led 67] . The 3_’6Ar hu‘cleﬁs is an exception to the
sys’teniatic Observation that the gvroun(.i sta'te transitione to the resid-
ual 'nuclei_.predor'ninate in the (a, 2a) rea'c_t.ionv..- The 1 97 MeV and the
4.37 MeV 'integ;‘ated cross se-ctions vgiven in Table IV-4 nearly equal

36 '

the " “Ar (0.00) value. The - 0Ar ‘and 62 N1 nuc1e1 follow the prevlous

excitation strength:systematics, as Table 1V-4 indicates.
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Table IV-4. Summary of observed lg\'rels and inténsié%es with Ey an'd>
J T from the literaturé‘for' the 3 Ar, .40Ar; and Ni nuclei.

Nucleus E Error E.. -~ J"7 6 Integral . Error
, exp 1lit T2 P
(MeV) (keV)  (MeV)  (mb/(s1)?) (mb/(s1)%)
¢ar 0.0 240 0.00* o 320 .50 .089
197 %30 1.970 2 C .30 ~.070
4.37 +100 = Several levels .10 .039
*ar 000 280  0.00* ol 28 58 A2
- 1.44 %50 1.460 28 . 027 .032
2.09 %90 2425 0 - .052 034
4.00 %40 Several levels 080 .044
5.75 %70 | 026 .025
62N 0.00 %30 0.00° o7 35° .42 .071
o 147  *40 4472 27 062 .026
2.36. %100  2.303, 2%4 -
2.34

2 p. M. Endt and C. Van Der Leun, Nucl. Phys. A105, 1 (1967).

bC. »M.-Lede.r'er; J. M. Holla;nder,.and I, Perlman, Table of -
Isotopes, 6th edition, (1967). ‘
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B. Energy, M_omentum, and'l'A.ngular _'(‘jorre,'l_atiif‘dns
1. Energy correlations.v | S
Energy correlations are prOJectlons of k1ne-rnat1ca1 bands onto the
T‘ ax1s Where o (6) is calculated accordlng to: Eq. (II1-7). ’ Energy

3
orrelat1on examples are glven for the O(a, _2a-) C(O 0) react1on

4Mg(a, 2a‘) Ne(O 0) case (F1g IV 11)

(F1g IV 10) and the
: An energy correlatlon was extracted and plotted for each target,
.angular settmg, and exc1ted state observed w1th s1gn1f1cant statistics.
The o (6) have been corrected for.chance ev_entS‘-'by subtractlon of a
chance array from the true + chance array Th1s procedure and justi-
f1cat10n 15 outhned in Sec III.' Furthermore, 1f a contammant 8Be or
12C band were degenerate in energy with a leyel of interest, care was
taken to remove the contaminant events from the T3 energy bins. The
most notable example of this procedure is the 4 Ca(a, 2a)36Ar(O.O) re-
action at the symmetr1c quasi- elastlc angle (42° .- ‘; ’ In'this case the
O( a, )12C(0 0) transition falls on top of the res1dua1 6Ar(O.O).
- For th1s tran51t10n, an 16O target was studled_lxn the same experiment

362 +(0.0) data.

| and the:‘ r‘evsults were-used to correct the impur'it’y in the
A 'sumrnary of the symmetric 03(9) for the grou_nd and first excited
states 'e'actracted in these experiments is given 1n Ar)pendix IV. The
excited state statistics are poor part1cu1ar1y for ‘those levels greater
than the f1rst excited states, The errors in Appendlx IV and Figs.
Iv-10 and IV-11 are statistical. The normallzatlon of the 1/73 exper-

iment indicated a 409% uncertainty in the absolute scale; the relative

uncertainties betwéen targets are determined by the precision of the
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‘target _t'hickn“ess imeas‘uremé}n.ts' (cf.‘bi"_I\'a'ble I'I‘Ii‘Z);

There .a;.l"é_:s'ebve'.r.al .‘syst.erriati'_c' f.ea.tu'r'es Whlch 1c}'.ia'racte'riz.e the en-
ergy} vco‘rré.lab.tionAs. Firs.t, the :i‘naxifnufn in fh_e correlations comes at.
equalA ene.rg'y s'h'a'.ring" in the two oﬁtgoing' a.—partic.:l'eis. ' Aniarro{;v' in Figs.
IV-16 and IV-_M marks the point where TA3 :"T4‘. ‘Sécoﬂdly, the bcross
section is characterized by a broad, smooth lv)un.'.lp'wl.uich‘is_ a sig'nantur‘e

~ofa qu'asi.—elas_ftic knock-out mécha:nism [ Holm 69]. Séqueﬁti_al proces-
sve.év\'xr/ouvlbd be .'characterized b}; much sharper structure on the T3 axis
or broad str'uctu_ré at high' excitation in the singles 'data.. "A third gen-
eral feature:is that the‘ correlatién structure broadens as the symmet-
" ric correlaté_.on aﬁglebrr.lovebs forward from the quasi-elastic angle.
This angle is 42° for the %0 and 41° for the 2-4Mg' target. »A.fdurth
observation i‘s that under 'th.e.'co'ndition tha‘t' T3 = ’I‘-4 a peak in 03(8)
occurs at the 35° fsyMetric ar_igle point. It is emphasized that these
features are 'éharacteristic of'.the nine grogﬁd stat.e‘to ground'sta;te
transitions studied, and a (a,'Zé) reaction theory should confront these
points. The solid curves ére.theoretical parametrized DWIA predic-

tions that will be discussed in Sec. V.

2. Morhentum c.orrelations
If th'e 03(6)' are. plotted v.s.gthe rec‘oil nucleus _mOmentﬁm,' the mo-
mel.'xtun.l corre.lationvis obtained. Figﬁres 'IV-12: to: Iv-14 pr'esent.‘thke |
momentum cofrelations found 1n the. 12C(a, Zd).SB'e. .(0,.0>O‘), .the-‘ | |
16_O(o., 2a)12C(0.005, ‘and the 44C5(a, 2a)40A1j(0.QO) réavc_.t.i'o‘ns‘. “The ‘e1v'-‘ |
rors in 03(9) are st;tistical; t:h¢ erlfors in q wefe détermined by the’
finite aperture calculaﬁions deécribe& in Sec. III-D. ™ Thé 0_3(9) is’

also plotted versus the averaged q, as di_scuésed in an earlier section.
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The symmetric quasi-elastic angle for the three examples given is 42°,
The 'c'o'rrel'_ations peak at q = 0 and are approximately symmetric about

this point. The abscissa ranges generally vfrom‘ 1 (fm) " to 0.0 (fm) "

and thén back to 1 (fm)-i. This corresponds to T < T

38 Ty T3= Ty and |
T3 > T4, re'spéctiVély, 'in the kinetic energies of the two detected alpha
particlés. 'The.momen'tum'-correl.ations hav_e’a lowér- non-zero limit in -
the range."ovf‘ q away from‘the‘ quasi-elastic angle, as indicated in Fig.
II-3.

o 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-14 are calculations

based on the parametrized DWIA,

3. Angular correlations
a, Syrhmetric angular éorrélations
The syn’ini'etric angul'a:r.corfelai:ivon. is définevd by the requirements
that 61 = 62 and that Ti3 = T4. Since a rather lall'ge_ AT3

approximately 3 MeV was necessary to obtain good statistics within the

'bin width of

bin, there is an uncertainty in the 03(0) vélue at the T3: T4 point. The

symmetric 03(6) were extracted'fi‘dmv energy correlations by reading

3 74

plots. The associated error in 03(9) was estimated by. comparisons

an average value of -03(9) at the T_ =T 6 point on the energy correlation

with the neighboring statistical error bars. This procedure was

‘. checked by Eakin’g two data points occurring at the T3= T4 point in the

energy correlations,- and then calculating 03(9) and the statisticalerror.
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This was done for two COmpléte ‘angular correlation.s, and the two meth-
ods yielded agreement in magnittide, but the statisfiéai error associ-
ated Wit'hAthe second method was approxir_riately ._25% less than the esti-
‘mated error from .the. first procedure. Since the avéraging procedure
was typical_ly aqhe over two data poinfs, the uncertaiii'ty in the state-

| = T4 is |T,-T,|< 3 MeV. There 1s a'nbfunbcertainty in the

3 3 4

scattering éngle due to the large counter collimators. The set A geom-

ment that T

etry in Table III-1 was used for all measurements at symmetric angle

28° and greater; the éef B was used in the 12C and 16O work at angles

< 28°. The 03(6) at forward angles in the 8Be' and 1%C residual nuclei
are seen to have less angular error due to use of the set B eollimators.‘
The ground'-state to ground state angular corréllat\ions for all tar-
gets are given in Figs. IV-15 to IV-20. Figures IV-15 and 1\}-16 are
the angular correlations for the 12C(a, 2a)8‘Be(O.C) and t_he _ 1_60((1, 2a)

12C(0.O) reactions. These targets were studied in the éymmetrié an-

16

gﬁlar range from 19° to 47°. The O tar’_get.data revveall a minimum

at 22°, a maximum at 35°, and then a rapid decrea'seva_t larger angles.

The 12(_3 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 47° range, and the angular correlations are sum-

24’26Mg(a, za)ZO’ZZ.Ne(O.OO), 1IV-18 for -

‘40,44Ca 36, 4OAr

marized in Figs. IV-17 for the

e 28, 30 24, 26

th Si(a, 2a) Mg(0.00), IV-19 for the (a, 2a)

(0.00), and IV-20 for the 6()Zn(d., 2a)62Ni(0.00);. Thése} correllationsv

1

demonstrate the same features as the 12C and 60(0,, 2a) da{tva:” a max-

imum at approximately 35°, and a rapid fall at larger angles. The
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peak cross section at the 35° point decreases steadily from 12¢ o

_ 3oSi. Beyond 3oSi tlxis peak cross section remains relafively constant,
Agaln the solld curves are parametnzed DWIA calculatlons
Angular correlatmns for trans1t1ons to the 2 4.44 MeV state in

2C and t‘1e 2t 1.97 MeV level in 3‘()Ar a‘re,gwen 1_n Fbig. 21. A dip in

12

cross section at '22‘; is pr'e'sent_ in the ~“C(4.44) data; a similar struc-

ture uras also obServea in 12¢ ground state transition (cf. Fig. IV-16).
The 12C(4 44) angular correlatmn then decreases monotomcally with
angle from the maximum at 25°, The 1.97 MeV angular correlation in
34'6Ar does not decrease as rapidly with a’n'gleas .the 12C(4.44), and in
“fact the 1.97 MeV correlation from 36Ar is'inor_e'characteristic‘ of the
other 2+ ahgular correlations. The PWIA for L '# 0 trans1t1ons would
predict a sharp minimum at the quasi-elastic angle. Thls feature is
“not observed in the angular correlations of Fig. IV-21,
b. | Asym’me'ti'i.c angular' correlations

12C(o., Za) Be and O"(o;, 2&)120 feactious were studied in an

The
. angle- asymmetr:.c conf1gurat1on. Counl:er 1 was fixed at 42°, while
the second counter traversed the angular range from 62 = -25° to -47°,
The_asym_rﬁetnc energy correlatmns a/re,summ_anzed in Appendix V.
An aéymmetric angular correlation was defined by extracting 03(6) at
the T3 value where the residual'recoil momentum would be consl:ralned
to lie along the beam axi.s.' This co'ndi_tiou occurred at a minimum in

" the reeoil momentum-at least fo: the asymmetric vangular range stud-

ied here. The asymmetric data were extracted in the same manner as

that outlined for the symmetric ahguvlar correlation,
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| Figures IV-22 and IV—2:3" pr‘eseﬁt,t‘hle 1ZC(a,'Z.o.)8Bve'(O.»O) and the
16O(cx, ‘2.0,)12C.'3(0.0)v Iasyn‘lmet‘ric angui_ar fcorrela'tions. By comparison
_with the _éynunetric angular cdr‘r_el.a_t';ioné-(Figs‘. IVII-15 and IV-16) the
a’symmetric; correlations é.‘re ﬂatter in the 28° 442;’ range, and both
) éorrelatibhs fall off rapidly ai: 47°. .Un‘fortu.nate‘ly it was not possible
‘to extract 03(25°}, since this ang}e"‘fqr the second alpha pa;ticle cor-
. responded to a kinetic energy 'I’3 6f’t1t1e-f{rst é.lpha which fell below
| the‘T3' exéerinﬁental cut off, .As in pr.eviq.us;fig'ures,v the solid curves
are théOretiéal calculations which a1_-§ discussed inithe following sec-

-tion,
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V. Discussion'
A.: ) -I.:She,n:or"nencldgical DWI.A o
1. vFinit,e detector‘siie ef_fects

The larl‘ge -sclid;angles used in the’se'ekperirnents' result:in ,'a"si'g—'
n1£1cant .exper1menta1 1ntegrat1on of the tr1p1e d1fferent1al crcss sec-
t1on These fmlte geometry effects are treated by averagmg any the-
v oretlcally der1ved quant1t:y wh1ch is compard w1th experlment over the‘
limits of the rad1a1 angular acceptances, these limits be1ng set by the
nominal and extremum angles.‘ The'n.ominalangle is the scattering
angle whlch wculd be def1ned by po1nt detectors the extremum angles |
are the largest and sma.llest scatterlng angles permltted by the finite
collimator widths. T_hevtotal angular acceptan‘ce was about 2° per»de—'
tector'_fo'r"rncst me'asuren.lents. Fcr eXample, _the,‘DWIA calculations
based on the Se'c:.‘ i diScuss'.'ion are ca'rried out independently at the
nominal and extremumangl‘es and subsecjuentl;r .average_d.‘ Eacﬁ'pfe-
bd'ict_io_n' is Vthe result of. .th'ree:’ calculations ‘a;eraged 'ove'r_ the "fi_nite an-
| gles. | | |

An example ol averagmg the theoret1ca11y predlcted angular cor-
relation cross section over the finite angles is given in Fig. V-1, The
| s_clid .'curve' is the a._veragéd result while the broken lines repres._ent the
nominal angle and angular ext'rerna contributicns. In these plots, the
angular correlation is more' cornplicated than the momentum or ene'rgy
correlatio'ngv :b.ecause values of th'e-extracted o('m(_T, 6) vary rapidlY as
" the symmetric angles‘va'ri'es. The minimum at 22° in the nominal

angle prediction is much less pro'nouncedlin the averaged result.
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 Finite aperture effects are a.ls.'o dil.luls.trate"d by the distribution of
 values’ attamed by the reco1l momentum fhe_ dis_tr_ibution width being
proportional to the angula.r acceptances 'l‘hie effect is most impor- ‘
' tant at the qua91 elastlc angle, where the 1ntroduced uncertainties
systema-i:lcally combine to rnove the reco1l momentum away _from the
nominal value. . Both theoretlcal_ and experirnental mo’menturn distri-
butions are _pl_otted versus the' recoil Invomenturn.averaged over the
nominal and vextremurn angleé;' | |

Al subsequent theoretically derived quantitles, whether in the
DWIA or PWIA framework have been averaged in this manner. ‘Fig-
ure V 1 is the angular correlatmn result given by the T, prescription;
the next sectlon deals with expernnental ev1dence which favors the Tf
method for 1nt_erpolat1ng Uao.(.T’ 0). |
; .2A.' T, ‘and Tf prescription |

The T and Tf prescr1pt1on ambiguity for extractmg Oy (T, 6)vwas

' mtroduced in Sec. II H and_-rvecent (a, 2a) experiments were seen to

"t

favor_ the T,  method. A s‘imple statement of the triple differential

£

cross section in the present DWIA is

>(6) =(KF) o_ (T, 0) |6y (B |5 o (V-1)

The equation has a sirnp.l.eif_orm, and suggests that if the experimental
03(9) reveals significant shape dependencies, _i‘t might be possible to
relate these variations with one of the three factors in (V-1).

a. Symmetnc data

The exper1menta1 symmetnc angular correlation for the

O(a, 2a) C(0.0) reaction is given in Fig. IV-6. Note that a minimum
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occurs »:at'”_the _22° point. '. It is now showﬁ that thie minimum can be ac-
c’oun_t.ed fet within the 'framvew‘o’_rk‘ of Eq. V—'1 only if the T, method for
.f“inding. d (T: G)v is used. Figure V-2 gives the free a-a cross sections
mterpolated accordmg to the T and.T prescriptions for the 6O(a, 2a)
C(0. 0) reactlon F1n1te geometry eft'ects are mcluded, and the'Tf
method plfedic'ts a mi_nimum at 22° whereas the T, prescription results
in a fl,at’v curve in this angular r'ange; 'Further,' the kinematic factors
are elowly' varying in this kinematic‘ region. Finally Fig. V-3 plots

theoretical predlctlons for |¢20(§)| usmg three dlstortlon parameter

sets. For parameters appropnate to the PWI.A ([3 =Bg=1. 0 and

Y= Yg = 0.0) a minimum at 27° occurs. However, as the d1stort10n
parameters leave this limit, the |¢20(5 ,-2 assumes a more smooth be-
havibr, and no eyidehce for a minimum due to |¢20(z) '2 at 22° is seen
in any case. Thus the forward angles in the 16O(a,'2a)12C(0.0) angular
cdrrelatien indicate the Tf prescription if favor"edv. Also, the 1()O(o.‘, 2a)
12C’(4.44) a'ngﬁlar cdrrelatioh .i_n‘Fig. IV-21 has.a minimum at 22°.

This str"u_.c‘:tur'e' may be due to the a-a sc‘attvering from the Tf prescrip-

tion, but since a pfediction for .|¢12(§) IZ is not available, the argument

is not as complete as for the ground state transition.
b. Aéymmetric data
A further experiment involving asymmetric geometries was pur-

sued to help clarify the T.' and T, ambiguity. The asymmetric angular

o f
correlatlon is described in Sec. IV. B and data for the 160(0. Za) C(O .0)

ad12

C(a,da) Be(0. 0) asymmetnc angular correlatlons are gwen in
Figs., IV- 22 and IV-23. - The a_symmetnc angles y1e1d values for Ti’ Tf,

and 9 different from those obtained in the symmetric case, and this
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experi‘ment‘thus prouid'es an'independent test for. the T, or T, rn'ethod‘
F1gure V- 4 shows the free a- a cross sect1ons —approprlate for the asym-
3 metrlc O(a, Za) C(0.0) angular corr'.elatmn -mterpolated on, the basis
of the T and Tf procedures The 'Tf method pred1cts a rather flat cor-
‘relation at’ forward angles wh1le the T prescr1pt10n 1nd1cates a rap1d
decrease, in the 28° to 35° angular reglon The |¢20(§)| ~for a range of
d1stort10n parameters is comparat1vely flat, part1cular1y at the forward
angles Fxgures V- 22 and IV-23 revealed a flat structure at the fol -
- ward angles, and thus the tr1ple d1fferent1al cross: sectlon is aga1n most
consistent w1th the Tf prescrlptlon |

" The results of these analyses show that the free a-a cross section’
interpolated accord'ing'to the Tf method accounts‘ for several features
in the symmetric and asymmetric angular correlations. In particular,
the' minlmum at 2.2° | in‘th:e '1'6:0((1‘, IZd).iz.C(b"O) angular correlation as
well as the decrease in o (6) ofthe symmetrlc and asymmetnc angular
.lcorrelatlons at large angles is accounted for It was also seen that the
forward angle structure of the asymmetnc angular correlation was re-
. produced by the Tf method Further this analysisshows that the im-
pulse approx1mat10n as represented in Eq. V-1 appears to have some
va11d1ty 1f the Tf prescrxptmn is utlhzed ‘All subsequent calculat1ons
us1ng the impulse approx1mat10n, unless noted otherw1se, have used -
the Tf method for finding o, (T 6) The next two sections deal with
the dlstortlons of incident and scattered part1cles and the bound state

properties of the'dlstorted momentum distribution.
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Fig. V:4. Free alpha alpha saatterlng cross sections inter-
polated for the T1 and T prescription appropriate for
the asymmetric 160(a, 2a)1 2C(O 0) reaction at E(1 = 90
MeV.
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3. Parametr1zat1on of McCarthy Pursey Wave functmns _

Section I-F prov1ded development of a- phenomenologlcal DWIA in
| terms of four parameter_s two characterlzmg the incident wave (ﬁ and
'7 yl) and tWo characterizing the final scattered wave's (ﬁf and yf) The
v purpose of this section is to prov1de a summary of parameter variation
influences on theoretlcal predlctlons for the various -experimentally ob-
served correlatmns It is a general result of this model that the dis-
tortlon parameters have a strong effect on both the magnitude and shape
_of the correlat1 ons. However, the correlatlons are in general less
sens1t1ve to the bound state parameters.
| » F1rst consider the angular correlations for the O(a, Za)12C(O.O)
reactmn_. Figure V-5 shows the shape and magmtude variation as ﬁf
changes while other parameters were constant., As B progresses from
values less than [3 to values greater than [3 the angular correlation
" curve is seen to get progressively flatter. Also, for ﬁf < B the peak
in the angular correlation moves slowly to smaller angles and increases
~rapidly in magnitude. The same behavior was dlscovered when p; var-
jied from values less than ﬁf to values greater than B¢ while Ber Yy and
© Yg Were constant. Best agreement w1th the symmetrlc angular correla—
- tion was obtained when By = Bt ,

v Flgure V 6 shows the variation of angular correlation with the yf
parameter, whlle B ﬁf, and Y; are constant. As Y¢ goes from values
-less than Y4 to values greater than Yi, 2 minimum at 35° d1sappears
and the cross section for 6 >35° decreases. There is also a small
decrease in absolute magnitude at the forward correlation angles as \73
becomes larger. If the Y; Parameter is varied so that it increases with
values always less than Yo while Bi’ Bf, Yg are constant, then the angu-
~lar correlation curve drops monotonically. For example, with the
- values B;= 1.30, B,=1.32, and yf:i.28, the Y; 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
Y; T .35 the minimum at 22° became too deep, and for values Y; > 1.00
the non-physical structures outlined in Fig. V-6 became evident. Set-

,ti‘ng Y; T YT 0.0, the predicted magnitude increased by a factor of
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have yf= 1.28. The remaining distortion parameters are
constant and their values are pj =1.30, B;=1.32, and

Y; = .98.. '
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'seveﬁ'fy§fi\}'e, ‘but the shape_rérhairiéd sir'n:il'_ar' to the yf = 0.60 curve in

Fig. V-6.

The momentum correlation pr'e_dictioh's wefe most sénsitiVe_ to vari-
ations in ‘3;1 and Ber Taking':y'i"': .98 and yf = 1.28 and decreasing the
couple (B, B,) from (1.60, 1.56) to (4 .10, 1.08) the momentum correla-

. . 1

tion broadened about .1 (fm) !, the difference taken at the FWHM of the

two curves. _Thé'predi’é_tidn co‘rrespond.ing' to (1.10,'1 .08) was about.4%

vgbr‘eater in rhaénitudé than thé‘(1.60, 1.56) predicfion. ‘A-'I'he'yf variation

ovﬁt.linedl in Fig. V-6 had >ver}~rl1itt‘1e effect on the momentum correlation

syh.ap'e, although the curves did drop réguglarly in r_nagnitudé as yg in-

creased. This analysis _wé.s made over the range [q|< .5 (frh)_1. For
[a|> .5 :(_‘_fr"n)--1 the theoretical predictioh fails to fit the data magnitude.

One set of distortion para'rr‘leters was found which gave gobd fits to

3OSi. These are given

the angular corre‘lation's.fvbr :taxv‘géts froij '12iC to
in coluvmvns"Z-NS of Table V-1. A sligﬂt adju‘strri"e,nt in‘tlule B parameter
v'/é.s'ziecessary‘to maintin icom'pa'rab'l'e shape fits for the Ca and Zn tar-
ge‘t's‘a"n'd this value is give;i in .:the table. The Y; 'é.nd Y¢ péraineters were
3

theory(e) = 3.0 for the

120 target. This was a rather arbitrary procedure,. as only the magni-

tude and not the shape was changed when A wag varied with V; < Y as

previously discussed. A much smaller normalization of approximately

.005 w_ould have been ob‘tained from the PWI.A.

‘Columns 6-9 Qf Table V-1 give theoretical predictions for the B,y

" parameters based on a-nucleus optical model potentials and relations

2 28

11-38 vahd II-39. The theoretical B; and yi for 24Mg; 6Mg, and ~Si

targets are calculated from the shallow optical model parameters given
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Table V-1. Theoretical and fit distortion parari_l‘efers for the symmet-
ric angular correlations. -

Fit Par_ameteré Derived Parameters
Target Pi Yi Be vy By vy B Y
2c 430 .98 1.32 1.28

160 130 .98 132 1.28 | | |

24Mg 1.30 .98 1.32 1.28  1.46 1.6 1.72  .822
26)\ g 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
30s; 1.30 .98 1.32 1.28 | |
4Oca 1.30 .98 1.28 1.28 1.45 1.25 1.62 1.28
*ca 130 .98 1.28 1.28 1.65 1.53
66 1.30 .98 1 1 |

Zn .28
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by Rebel [ RéB 72] .bin the é.nal}:rsis of 104 MeV a séaftering, The shai-
low well of Hauser [Hag 72] élso takep with Eaz 104 MeV was used for
the theoretical 40 initial state distortion parameters.

The 24Mg': and 2851 final state distortion parameters weré calcu -
lated from an optical model' analy.s'ié of 28 MeV alpha séa-ttering [ Sat 65] .
The 40Ca and 44Ca final state.pararﬁeters were taken from an analysis
of a _—Cra elastic séétteriﬁg'af Ed - 31 MeV [‘Lipp 67] . Ay comparison
of the fit and predicted distortion parameters shows that the fit param-
eters are vgenerally 'smallerb than the derived quantities. This resultis
similar to ,(p, 2p) work us.ing tH'e.-”c‘oAmpléte'McCa‘rtbhy—Pursey wave func-
tions ['D_'eu 68, McC 68].

It is interesting to examine the theoretical distorted momentum dis-
tribution of ‘Eq. ‘I1-45 plotted as a function of TS. Such a plot for the
16(')(a,'2a)12'C(0.0) reaction at-the s'ymmetfic angles of 28°, 35°, and
42°' is given by the solid lines in Fig. V-7. The distortion parameters
are those which gave a best fit to the ‘a_ngula.‘r correlation data. The
|¢20(E)|2 'rev'eal,s"a'sl':rovng péaking ténden’cir at the quasi-elastic angle
for the 07 - 07 transitions. A similar ‘plot of interpolated a-« créss
sections over the_»sa\,me T3 and ‘angle range aléo yiglds an inverted
' pa'rabol_ic shape, .which is muéh more slowly varying with angle. Con-
trary to the |¢20(Z) !2 behavior, however, the angular variation of
«Uau(.'r’ ) flattens as it approaches the quaéi—elastié angle. The net re-
sult is that calculations based on |¢20(_€) , 2 pr‘edbic.:t a narrowing of the
energy correlation as the'qua.s‘i.-'elastic angle is approached from smal-
ler symrhetric'angles. The syﬁmetric angle energy correlations frofn

24

. the 1 60((1, 20,)1-20(0.0) and the “*Mg(q, Za)ZONe(O.O) data given in Figs.
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F1g V-7. Plot of the the?lz'etical momentum
distribution for the C(0.0)+ a state
versus T3. The DWIA with distortion

parameters from Table V-1 and PWIA -
(Bj= Bg =1.0 and Yi = \f—O 0) are com-
pared as a function of angle.
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: IV 10 and IV 11 revealed thls 1dentlca1 behav1or a narrowing of the

energy correlatlon as a symmetr1c quasl elastlc angle is approached

‘ .The dashed lmes in Flg V 7 g1ve the PWIA pred1ct1on for [4)26&) {

'and the 28" PWIA result is seen.to be very dlfferent from the 28° DWIA

pred1ct1on Whlch does f1t the data (cf solld 11nes in F1g IV 10) The

'conclusmn is that the dlstorted momentum dlstrlbutlon does account

for the systematlc energy correlatlon behav1or ‘and that the PWIA

- counterpart would fa11.1n descrlblng the systematms.o Thus as in the

precedlng sect1on concernmg the 1nterpolat10n method for free a-a

'cross sect1ons, the enmple statement of the DWIA in Eq. (V 1) has per- :
E _ ’mltted the 1dent1f1cat10n of 31gn1f1cant experimental observations with

-spec1f1c terms 1n thls equatlon

Thus the DWIA has been shown to have at least three 51gn1f1cant

a'dvances over the PWIA: f1rst, the predlcted cross ‘'section is much -

| _ s:ma'lle'_'r' than thé’ PWIA, s'eciond,\“;it'v- has""accou_nted for the" narrowing of
‘the energy cor‘r'elation a:‘s'.the tq'uaSi-'e'laszti:é' ‘angfl'e‘is a'.'ppro:ac"hed;‘-a'nd '
third, "by varying'the_ dist'ortion parameters; reasonably good 'Shape
fits have beyen-obta:ined '.for the various eorrelations_.3 The successes
of the,labsttwo sections .give' confidence in using V-1 "for'fur_t_her.data_

' analysis '

- 4, Rad1a1 wave funchon

The bound state rad1a1 wave functmn was mtroduced in Sec II. G

,»and is part of the ]chL(g)l calculatmn A summary of parameters

and 1nvest1gat10ns us_ed to -determ,me-the -R-NL('p) is given here.

- One.may question the Aunyiqueness of Eq. (II-47) in determining N, -

the. nurnber of radial nodes in Ryp(P). An alternative proposal



: The‘ harmonic’ '»os'cillator rad1a1 'wave functions were also ‘invest1- :

: gated as a posslb1l1tv for calculatmg the theoret1ca1 momentum d1str1—

but1on. , The rad1a1 harmonlc osc111ator wave functlon g1ven in F1g v-8.

- .» .has osc111ator constant equal to 75 and 1t 1s seen to approach zero

r_' A

o more rapidly than the fm1te well wave functlon at the largest radn

o »"monlcs osc1llator pred1cted an absolute magn1tude 20% lower

i

N4
e

k Pred1ct10ns based on a harmomc osc111ator wave functmn for the o

v

/"’
O(a, 20.) C(O 0) momentum correlatlon are nearly 1dent1ca1 in shape
I [

' -w1th the f1n1te well wave functlon forc\q< S(fm) _ 'j although the har-‘
N

j;

Y
)

Angular correlatlons calculated w1th harmomc osc111ator and f1n1te

AI .

:’:-well wave functlons are glven in. F1g V 9, The osc111ator predlctlon is

[ E “"“”'," . {

's1m11ar to the f1n1te well angular correlatmn, but 1t peaks at a sllghtly

. -more forward angle and the cross sect1on falls off faster at large an- "

gl-es. At the angular correlatlon peak the\harmomc osc111ator y1elded

. -approxlmately 50% more cross sectlon than the f1n1te well rad1a1 wave
' :'funct1on5 The osc111ator parameter used m F1g V-9 was .75 th1s
:'l'value was derlved by f1tt1ng to the _ O(a,'Za) ’ C(O 0) data ‘The distor -

Ct

- txon parameters are constant in. F1g V- 9 and are those wh1ch gave a |

' .',best f1t to the data usmg the f1mte well wave functlon _ Subsequent cal-

1 o.J

'culat1ons revealed that changmg the d1stort1on parameters for the har-

1 - L

: -"mon1c osc1llator rad1a1 wave funct1on made the shape pred1ctlons poorer. ‘

As the 'f1n1te well :wave "fun"ctmn f1t to the O(a, 2a) C(O 0) angular cor -

| "'_relatmn (F1g IV 16) is qu1te good t'hi_s analysis suggests-a preference

‘» “for f1n1te well wave functmns
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" Fig. V-9, Result for the 16O(o., Za)izC(0.0) 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 fnest obvfeue con"'clusien of_t}ie vbof’md. .etat‘e. Waive function anal-
ysis is thatvthe predicted cross 'seet.i.on  is not \;e'r'}.r ‘sens‘iti.ve to the
.bonnd vs'ta'te »featuzr‘es (':)f: the cal'é'\ﬁl.atienv.“lA large change in the angular

: cdrt‘elait'ion'is ‘found when N =0 finite '\ﬁell \‘avatve“fu'nctions replaced
N #£0 Wave'fgnctibns, and it Was. diecovereci" tha_t the fit to an'gula.rwc'ef_
relatien _,ehai)eé with N 20 wave functions are inifet’ior. Good shape fits
conld not be re_covered by vavryin.g' the distorted we.ve parameters.

“All future calculations, unless noted, have used finite well'radiel
wave functiens nsing Eq. ('14:_4_7) for the nodal detertnina.tion. Table -
V-2 summarizes tﬁe targ-et's, “b.ound state barameters, alpha separa-
tion enefgies, number of radial nodes 'based on L= 0, and the derived
binding potential. These p'otentiels are in reasonable accord with opti--
cal model parameters deri\ted from alpha-nﬁcletis 'scettering over a
broad energy range [ Reb 72, Sat 65 Bar 71, McF 66] . "YI‘he Coulomb
radius used in these calculations’ 15 R = 1.44 Ai/3

5. Ta'x_'ge‘t“ fh_ass‘_‘ (A) dependenc_e and surface localization in DWIA

a. A dependence of D_WIA

In'orcie’r‘ to investigate the DWIA A dependence, a kseries of cal-

' culations for the 16O, 2851, 40Ca, and 66Zn tafgets were carried eut.
“Finite Wel]_. wave functions with the nodal prescription of Eq. (II-47) are
' used; the alpha separation energies for determining tne bound state
Wave 'fi;nction and reaction Q-values which determine the Gda(T’ 0) are
: taken to be constants equal to +5.0 MeV and -5.0 MeV, respectively.
vAlso, the distorﬁon parameters are constant. The angular correlation

results for this set of conditions are given in Fig. V-10. It is seen



-141-

Table V-2. Bound state par'amete,ris for the finite well calculations.

- Sep. energy . \'

o (g0 20
Target (fm) (fm {MeV) , N (MeV)
_,??c_ 1 1.30 73 7369 2 . 68.8
tog o 1.30 .13 7461 2 © 60.9
24Mg 130 .73 9.316 4 109.5
2onmg 1.30 73 110;614' 4 3 106.9
s 130 13 9.981 4 1044
 73051 SR .1.30 .73 10.650 . 4 : 100.9
0ca 130 .73 7.044 4 87.5
ca 130 .73 © 8.846 5 109.4
66

Zn  1.35 .73 4.558 6 109.2
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that the curves are simiiaxf 1n shape and that thvey:decr“easé regularly
_ with incr.éaéing A All 'thé ‘é{irveé };é.ve a mé.xirhum at 31° symmetric
_ anglé._.

‘ TheAd*epende_n’ce_of a nu_ciea_r feaétion cross section depends on
‘whether the r:‘eva.c_tion“ occurs throughout_.the‘nuclear"\-rovl.ume,. on the sur-
face, or pei‘haps only on a‘vrix_,_lg about the nucleus. If these three pos-
'sibilitvies are norma,lized tq‘t_h_e nucl'e;ar nﬁa.ss A, then the following .A _

dependencies occur:

‘Volume: f., = (r A1/3)3/(_r A1/3)3 = 1 _ (V-2)
™ v = Tt T ) rgh T =1 _
Surface: f. = 41r'(?r:.:/k1.‘/3)2/i n(r A1/3)3 c; 1 (V-3)
e Ig 0o 3 mrh ) e |
" Ring: - £ = 2m(r AY/3)/ 4 e al/3)3 ot (V-4)
ng: R 0 3 M¥ i
i. e’.," no A dependence of cryos's" section for a volume reaétion‘s,I as
A-1/3' for surface reaction, and as ‘A_Z/_3 for a reaction that occurs
on a ring. Assuming the form
3 x
6 (0) = cA (V-5)

one can derive thé A dependence, fhe value of x, frém the reSults of -
Fig. V-1O Taking 03(9) at the 31° rna_.xirnumv and plotting the four
points .available_ from Fig, V-iIO a y_aluei of x from the linear‘ equafion

. An 0.3 | (31°) = Inrc +x in A ' (V-6)
“max | . .
equalto -.56 is found. Thig reéult is intermédiéte between the sur- .
‘faée__and"l;in.g model, and is consistgnt witﬁ ‘the"surface localization

- predicted by Lim and McCarthy [ Lim 62, McC 62] .
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Further A dependence calculatlons were carrled out w1th "N b- o,
L= 0'wave functlons. They gave no A dependence at the angular corre;
lation peax 'I'his suggests that the locahzatlon is due to bound state
propertles rather than the reactlon theory effects.v This 'interpretation
(bound state propertles) of surface locahzatmn has been glven to (p, 2p)
reaction calculatxons 1nvolv1ng the p- orbltal [ L1m 64] However, there
are s_everal 1nd1¢at10ns that th1s vIS not the case in the (a, 2a) reaction.
First, the brevious seetion shOwed that the N=0 case'did'not"proyide
as'good a fit to the angular correlation as the N=2 wave function,
Second, s;lnce'the 62NAi(O'.O) +a relati“ve Wave"function has N = 6 and the
corresponding 12C(O.O) + a wave function has' N’ : 2, ’one would exnect

66

the Zn wa-x}e function to weigh the nuclear surface more Strongly than’

16

the = ~O wave functlon on the basm of bound state radial wave function
ar'guments. ' This is true since the N = 6 wave fu.nction‘ has larger pieces
of wave hinction at greater radii than' the N .=>2 relative ‘motion wave
function. However F1g V-10 shows that the OppOSLte behavior is ob-
served the predlcted cross sectlon decreases with A. Thus. the N = 0
wave functions seem to. give an anornalous result Perhaps this should
not be too surprising since these wave functlons d1d not fit the angular
correlatlons. Hence, it 1s concluded that the DWI.A predlcts a decrease
in 03(6) as A increases, and the decrease is most n_early 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,nu‘clear surface.

| 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
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cbntribﬁt_ioh of the 'DV&;’I'A’mat'rix eiémgnt t‘o_‘z"efro'_ without changing the
‘predictions. A series of DWIA calculations with a cut off in the radial
integrals for the 100(a, 2a)12C(0.0) angular correlation is given in Fig.
V-11, Wéve functions With N = 2 were used and vdi.s-tdrti_on parameters .
‘were constant. The cut offs u{sed in Fig._'V—i'i.aré indicated by afrows
i.n.Fi_g.'_' V-8 For cut offs up to 2.50 fm there é.re small éh_anges in |
shape but very ‘little change iﬁ'niagnitude.' 'Furthermore, a cut off at
3.107'fvr’n is still very s'imilar}to_the éut off at 250 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. v'One may conclude then that the signi-
.-ficant contributions to'lthve'cr'o‘ss" section oééur at f_a.di.i_b greater _thah 3.1
fm.  The radius calculated from R = roA1/3' fbr__i‘?b.véith ry=1.30 fm
is 3.28 f_m,. Whicfx c'Q'rr»'evsp'onds to the_hélf density poiht in a Wood;s-v )
Saxon form. -Thig same result was obtained for _ZSSi and %0Zn cut offv
calculétio.l'ls;' and tﬁe éoﬁc'lusion ‘is. that the nuclear interior has ohly |
minor effects in dbét.eli"fhi'ningf 03(9‘).. This conclusion supports the A-
dependence 'cav.'ljcula',tioﬁs' of the pfévibﬁé section.

"Anot.he'r test 'for 1ocaliza_tion can be ma.devby going to the plane
wave limit, .and again examinin'g the cut off effects in .‘the‘radial integrals.
’ ‘Suc'htav..caiculati.c.m:is' given for the 160('0.‘, 2q)12C(0.0) angular correia.tion
in F1gV-12 T};e.resull;._ i.s‘ that the theb_retical PW_IA predictions are
inﬂuenc'ed to .a'larg'gr extexnlt_f 1.:hanv_the DWIA by inse‘rtibnv of cut offs.
Tha_t is, the PWIA cross section changes more rapidly no mafter what
' éut of"f'ent.e‘rs the calculatioxi; This is a rea‘s_onlabl'e_rl(ve'siiltv since the
plane W'avés are not lo'c'.:a.liz'ed and thus a‘.re sénsit_:i?é té the whole nuclear
“volu'rrn_ev;_' thi, é.gain favérs the locali.z"ationvof the_,. DWIA to the nﬁélear sur -

face,
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. :V;M-‘. ‘Effec'i:s of radial cut offsi%n, the t‘h‘ei%re'tica_l angular
" correlation predictions for the “~Of(a, 2a

_ ' : : _ )" "C reaction,
The 160 distortion parameters from Table V-1 were

“used.
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. V12, E ects of rad1a1 cut offs in the PWIA predictions
for the 1 Ola, 2a) C(OvO) 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.
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This s'ect‘idn'summar‘.izes the DWIA fits to the various experimen-

tal cor-'relati.'ons.- ‘.Summarizing the previous.'five sections, the theoret-

L ical curves contam the follow1ng assumptlons,' approx1mat1ons, and as-

- sertlons.. :

()

B ' 4

| »_thé 'thébré’ti?'ca'l ealcuiati‘eh"s a're"ave‘ragedever_the nominal .

} .va.nd extreme angles of the detectlng system

@

RE)

| (4)

: _eters' were found which gave' o, (6)/0
12,0,

the Tf prescr1pt10n for fmdlng o, (T 9) is used

_the fit parameters of Table V-1 are used in the phenomenolog—

1ca1 dlstorted waves, and a comblnatlon of Y; vand Y¢ param—

{ - 7 . ‘
theory {6) = 3.0 for the
C. target;

finite'well wave functions are used with the bound state param-

~ eters given in Table V-2; implicit in this proceddre is that the

N bound alpha is in the lowest oscﬂlator state,

-(.5)1'-_,

’experlence W1th the phenomenologmal DWIA because it ac-
'v count_ed for r_nany"-aspects of thev-data—glves -confldence in ex-.

 tracting relative spectroscopic fac_:tors.

‘a. Angular correlations

'(i') Symmetric

-The fits. to the _greund state to ground state angular correlations.

are given in Figs. IV-15 to IV-20 for all the targets studied. The dis-

tortion parameters were not changed from 12(3- to 3OSi since the shape

fits seemed to be acceptable w1thout any adJustment over these masses.

A small adJustment was made in ﬁf for the Ca and Zn targets to main-

- "tairx' good shape fits. A summary of the distortion parameters is given
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in Table V-1, and the corres.ponding bound state parameters are given
in Table V- 2 TheCouiomb radius parameter was 1. 44 fm,
Equatlon (I1- 29) ‘and 'Eq. (1) of Appendix II show that a spectroscopic

factor measurm‘g the amoun_t of alpha c'lustermg can be defined by:

R Sy=0 ‘9’/"theory‘9) | - (V-6)
where
| z’heo(m = (KE) 04T "’g NO(p)/m @ v

‘It has been mentioned that a rather avrbitrary variation of the y; param-

 eter yielded'Sa= 3.00 for 12'C.f': Angular correlation calculations for all

nuclei were done "usving pa-ranfviet'ei'»s of Tables V-1 and' V-2, and the ex-
tracted Sd are giver; in column II of Table. V-:3. | Tbhe err‘e_rs indicate the
limits at which the normalization is judged to worsen the shape fit. Due
to the ‘sorriewﬁaf. arbitrafy aad: 'empirieal apll)‘r'oa‘ch to the determination

of distortion pararrieters, ‘the Sa should be considered as relative quan-

tities.

(ii) Asymmetric
The fits to the asymrnetrlc angular correlatmns are given in Figs.

IV 22 and IV 23 for the C(a_, 2-a) Be(0.0) and the. O(u, Za)_ C(0.0) re-

‘actions., It was necessary to change the symmetric distortion param-

eters to obtain the fits in these figures; B was reduced and 'y; param-

" eter was adjusted to give Sa'=_-3.0 for the 12C target. No further adjust-

16~

ments were made to extract Sé for the " "O target. The values of the

parameters are given in Table V-4. That small changes in the distortion



-150_

Table V-3, Summary of spectroscopic information from (a, 2a)
and (3He, "Be) ground state transitions.

3te, 'Be)? 5, b
Target Symmetric Asymmetric Relative Theory
Sa ’ Sa
12 |
C - 3.00£.50 3,00+ .50 .3 674
164 3,50 ,50 4.20% .60 1 .295
24\ g 1.60+.20
26\ g 1.00%.20
28¢; 1.00%.20 .3 .0044
30g; .70+ .20
40, . 75% .10 ‘ .2 .0043
44, 58+ .10
66,1 .90 .40
2 C. Detraz, H. H. Duhm, and H., Hafner, Nucl. Phys. A147, 488
(1970).
b

I. Rotter, Nucl. Phys. A435, 378 (1969).




-151-

Table V-4. Fit distortion parameters for the asymmetrlc "
: angular correlatlons -

" Target o pi ﬁf Y; Y-f
12 1.30 1.26 1.18 1.28
16

O - 1,30 1.26 1.18 1.28

parameters from the symmetric data are needed torobta;m a fit is not

surprising, since the symmétric angular corrvelat;ic‘m has considerably

. different kinematical conditibns. The results of the asymmetric anal-

ysis are giveﬂ in Table V-3. A value of S, equal tov4.2:l: .06 is obtained
16

for " °0; and this value is greater than that given by the symmetric data,

but is stil_l within the errors.

b. Energy and momentum correlations

(i) Energy 'c':orrelationsv

The 1€0(q, 20)12C(0.0) and the 24Mg(a, 20)?"Ne(0.0) energy corre-
létidhé are given in'Figé. IV-10 and IV-11. The solid curves are the
_ DWIA predictions,' and the :—irrows indicate the T3 value where T_3= T4.
The theory correctljr predicts the energy correlation broadening as the
angular sepafatién is symmetrically reduced frvom.' the quasi-elastic
'angle. Thié effect was discussed in V.A-4., where it was related to
the distoi‘ted moment/urh d_iétributién. The normalizations uséd in the
angular correlations are also used for the energy and momentum cor -
relations. Consequently, the energy correlatlon pred1ct1ons do not
always exactly normalize to the data (cf. the forward angle O(a, 2a)

C(0.0) data, and the 41° point in 24 Mg(a, Za) Ne) The center of

.
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mass energy of the a-a system extracted according to the »T‘f prescrip-
tion at the 22°-22° point in the 160(a,_2a)12C(0.0) reaction is about 11
Mev, This> is the energy of the broad '4+ resonance in 8Be, 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 ié not characteristic of the other
energy correlation shapes. Excépt for normalization, the DWIA energy
correlation at this angle does fit the data.

(ii) Momentum correlations

Momentum correlations for the ground state transitions from 12C,

160, and **Ca targets are given in 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 taf_get shows secondary
maxima at about .9 (‘fm)-i; these do not match the observed data by an

order of magnitude for these recoil momenta. It appears that the pres-

ent approximation theory fails to describe the data for q> .5 (‘fm)_1 .

c. Experimental distorted momentum distribution
Equation V-4 shows that an experimental distorted momentum dis-
tribution can be extracted from the experimental 03( 8) through the equa-

tion:
lonp (] = 02, (O (KFY o (T, 6)). (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 [g[ is a complex quantity, and thus a

three dimensional plot is necessary to show the dependence of |¢I\IL(_§)|2
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on |§| - Before such a plot can be made, the |§| must be determined

whlch requlres ‘that the DWIA theory must be f1tted to the data. Figure

V- 13 shows a plot of [¢NL(§)| extracted from (V-?) with the | §’ deter-

mined from the - scattermg parameters of TableV 1. The ordinate is the

Im(| g|) and»the abscissa is the R_e(|g|). The magnitudes of the I%L(E)IZ

are given hy the circles in the figures. The largest circle corresponds

to. l qvaNLv(E)'lz'niagnitudes ot .9 ('frn)3bor greater' the progressively

smaller circles correspond to |¢NL(§)' magnitudes decreasing by .10

(fm) step size. The Re( l §|) parallels the values of Iq' from the PWIA, .

but Im' §') has no meaning w1th1n the PWIA It is noted that the momen-

tum d1str1b\rt1ons fall into bands cha.racterlzed by the symmetric scat- y

_tering an'gl.es; these angles are marked on the_ .gra_ph.' A general feature

_is that the MNL(E’; ]2 hecorhe larger as the .Re( l—él) goes to a minimum;

" this is the behavior that would be expeeted for a 0%~ 0" transition with-

in the PWIA. Ahother gener'al rule .sveems to be that the Im( l—él) and

R‘e( I:—él) are inversely related. This relation was also hoted in the

1VZC‘(a,‘ZI‘d.):B.Be(ZO.O)' ‘.rnor'nenturri distributions: it is not well understood.
Figure V-14 gives a plot of the theoretically'predicted momentum

distributibn in the |§| plane. -'Iz‘he predictions fall in the same bands as

thosle'o:fi Flg-. V§13, _'asvthey rm'ist, sihce the band locu:s.is determined

'-.onl}r by the "distorted" kinematios The values. of the theoretical .

I¢NL(—£) ]2 are plotted in the same way as Fig. V 13, and with the in-

‘.'clus1on of S = 3.5, the same systematlcs in the magmtudes of |¢NL(§)|

are observed. That 15, |¢NL(§)| increase as the Re( I §!) becomes

smaller and the Imy( |§|) gets larger. Companson of Figs.V-13 and

V-14 shows.that‘the DWIA descr1bes quite well the magnitudes of the
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Fig., V- 13 A plot of the experimentally extracted

C(0.0) + a momentum distribution in the '&[
plane The distortion parameters used in this plot
are from Table V-1.
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F1g V-14. A plot of the theoret1ca1 16 12C(O O) + 2 distorted
‘momentum distribution in the |§l plane. The distortion
- parameters are from Table V-1, :
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) _distorted mOmentum distributi-oris
It should be emphas1zed than an experlmental plot l1ke V-13 for the

O(o,, 2.0,)’12

C(O 0) tran81t10n su:mrnarlzes all the exper1menta1 data for
the ground state trans1t10n -For 1nstance, the angular correlations are
related to the value of’ |¢NL(§)I at the m1n1mum of Re( |§|) as a func- |
tion of angle. Also, _the-momentum and energy. correlat1ons as usually
| defined are related' t"o any ’o;ne’ .ofthe bands in F1g 'V-13 versus reco_il |
momentunl.ahd T3‘, ..respeotlyeljr.. | |
d. l)i5cussion

The main thtust of Sec. V.A.  has beer.x' to dis‘cus's and justify a com-
parativelyl‘v 'slrvniple (a, 2a) reaction model. ‘The cnluantity Sa’ which is pro-
oortional to the number of alj.)har clusters in the target Inuclel'zs has been -
defined ih’the. previous sectior.l-s, and the results derived by comparing
the DWIA with symmetric and asymmetric angular co'rrelati.ons ate '
~ given in Ta'ble V-3. Column foﬁr»'summarizeslth.e"relative spectro- "
scop1c factors der1ved from a DWBA analys1s of the ( He, Be) reacti’on
at E3H = 30 MeV[Det 70] ’ The DWBA cross section decreased by two
to three orders of magnltude from 12C to 40(.33...‘ Since the ( He, Be)
experimental cross sections decreased at a simila‘r rate, the authors
concluded that the alpha 'cluste'ring- probability remained constant withih
one order of fnagnitude. The Avdependenc_e .in_the (3He, 7Be') DWBA
c‘alculation 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-
. derlcles, .the helatiye Valdesl_of Sa extracted from the {a, 2a) and (3He,
7Be) reactions compare quite favorably. The one exception is that the

(3He, 7Be) finds a relatively smaller Sa. than the (a, 2a) for the 12C
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target v » _ _
The ( He, Be) authors [Det 70] reported shell model spectroscoplc
.' factors calculated by H, Yoshlda from a formahsm outhned by I Rotter.'
[ Rot 69] The results of that calculatmn are g1ven in column £1ve of
Tableé V- 3 Detraz and 'co-rworkers concluded that the shell model wave
.'functlons used in calculatlon of S were madequate, and more a—struc—
 ture correlatlons must be present in the wave function to account for
. the data '_I‘he (o., Za) reactlon at Ea = 9Q MeV makes a s1m1lar conclu=
' s:.on.. |
- 'Reic'.ent‘.: v\favv'ork’hy’ 'R"o't'ter_v.[ Rot 73] suggests that.surns o’\vrer intermedi-
ate "states: rnay have :.Ver:}'r irnpo.rtantrinﬂuenc‘es on -spectroscopic factors
' derlved from heavy ion transfer and/or knock-out reactions. The inter-
.med1ate states are those states whlch are allowed to have nonzero n, 1
" vvalues vrhere n and 1 are the 1nterna1 quantum numbers of the trans-
! ferred group of nucleons The as sumptlon used in. the (a., 2a) Work is
E that n-= l = 0 and that all the osc111ator energy quanta have gone into
: 'the center of mass quant1t1es, N and L (cf.. Table V-2). Model calcula-
't1ons taklng these 1ntermed1ate states properly 1nto account should be
' mterestmg, as two 1ndependent experlments and analyses are in agree-
| rnent thatthe shell model_ predlctlons for Sci. cannot acc_:ount for system-

- atic alpha t'ra'nstfers.l _
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- B. PWIA Interpretatmns o »
1 Va11d1ty and appllcatloh of the PWIA
'_ . If —é of»equatlor‘l (V-i) is replaced by the r»e‘eo‘i'l momentum ?q’,. the
PWIA is obtaihed: | |
'~ 07(6).2 (KF) 0 (T,en¢NLun| , . _(v-%
whel'e the f1rst two terms. of (V 9) are k1nemat1cs factors and the free
‘alpha alpha scattermg cross sect1on, and they are identical to Eq (V 1).
-A cons1derab1e number of hlgh energy (Ep> 150'MeV) (p, 2p), and (p, pa)
expériments [Jam 63, Gott 70, Riou 65] have been analyzed within this
framewo:_fk. ‘Dilstortions‘ 'are‘ predicted to invalidate" (V-9) [ Mc?C 62, |
.Lim 62], and in particular the intetpfetation of IdeL(ED I 2 as a "bil_
lhard ball" momentum d1s tr1but10n of the knocked -out particle within the
nucleus seems unl1kely [ McC 62] Nevertheless, there have been few
alternatwes to class1fy and understand three body final state reaction
data The prev1ous sectlons have shown the use of a comparatlvely
'Slmple DWIA analysls of the ground state trans1t10ns, and the PWIA
analysxs is done for the present (o,, 2a) data for two reasons: first, to
extract mformatmn concern1'ng the first excited 2+ -states; and secohd,
to make comparisons with (p, 2p) ahd (p, pa) exoeriments analyzed with-
inPWIA. | | |
| If Eq. (V-9) 1s valid, then an equation for- |¢NL(q)| analogous to
 Eq. (V-8) for |¢NL(§)|v must hold, and the |¢NL(q l extracted in such
a manner must be constant for equal q' s extracted at different angle

~ sets. A plot of |¢(q)| vs. q is given in F1g V-15 and is analogous to

Fig. V-13 where |¢(§)| was plotted vs. Data taken at 25°, 28°, 35°
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V-15. ' Plots the experimentally extracted mo-
mentum distribution versus the recoil momen-
tum. The momentum distributions are also’

. .given as a function of symmetric angle.
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41°, 42°, and 47° symmetri.‘c angle from the - O(a, Za C(O 0) transi-
tion are plotted, and the a'greementv of the’ !¢NL(q)-l . taken at different
angles 1s quite good. Plots for seueral other nu.clei w‘erbe nrepared, and
similar - although generallyr poorer results were found. The-solid curve
in F1g V- 15 is a PWIA predlctlon w1th normal1zat1on equal to .005.

Two p1eces of 1nformat10n can be obtained from the experlmentally
extracted ld)(q)l ‘ _Fert', an effective number o.f_a-lpha clusters is ob-
talned from the 1ntegratlon of |¢(Zi)| 2 extracted at thequa'si—elastic
angle over all values of ql Gott_ 70, Kann 68]: |

N = 4n§“ l6(@)]° q° dg. ' (V-10)
' 0 ’ i -
Values of N extracted from the (a, 20,) experlment are llsted in column
three of Table V- 5 these 1ntegrals were taken over q< .60 (fm)
Thls 11m1t on q was - set since F1g IV-12 has shown that the DWIA fails

to fit the 1z

C(a, 2a) Be(O 0) momentum correlat1on magmtude for
|<_ﬂ > .50 (fm). A reasonable mterpretatlon is that the cross sectlon in
this kinematic region may be due to competing reactlons, and thus
should not be included in the integrativonvof (V-10) for Nd. : The associ-
ated error in the fourth column was arrived at. hy comparing the integra-
tion through the'error bar extremes with N . |

Table V-6 compares the N(1 calculated from V-10 with the Sa ex-
" tracted from the DWIA calculations. The‘ Na, data are normalized to Sa
at the 24Mg target..' The N(1 values are invgood relative agreement with

the DWIA results, and this gives confidence that the No. extracted for

the excited Z+ states listed in Table V-5 are also good relatively, The
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_Tab_lé V-5, Sumrnary of information derxved from PWIA analysxs of the (a., 2a) data.

{p, po) B ' Theory

T 'Gauséian - e " d e £
Residual . _Ex : 'Nd‘ Error FWHM ._Erroxi Branchi_ng Error “a a “a a

" Nucleus {(Mev). T -(;m)'i (fm)'r ~_ratio

40,

ez

8Be 0.00 . .99 .43 .46 £.06- 1.0 ) . .674 .759 675 .557
2.90 .94 .1 v 6 xa0 844 713
124 00. .99 "+.48 .12 . #£.07 - 1.0° o 295 .333 296 .235
' 4.44 24 %08 . 40 %45 1.667 1.481 1.304
08¢ 0.0 .36 £.06 .58 - £.06,
S 1.63° 43 £.04 v
2Z2Me” - 0.0 0 A8 £.03 0 527 - £,06-
: 128 044 2016 : o
24Mvg - 0.0 a8 a.04 . 8 06 L0044
< 131 064 +.020 . L -
2opg 0.0 A3 £.04 . .58 - %44
CULTL 480 © 04z 0220 S
36p, 0.0 T .43 203 .58 +44 | 0043 .0087
S 4.1 075 %025 . e
Ar 0.0 .082 £.030 .46 - %.06 -
Ni . 0.0 .20 .06 .46 - .06
4 R

7 ¢ .034 £.018

B Crottschalk and S. L, Kannenberg, Phys Rev (C) 2 24 (1970)
S. L. Kannenberg, Ph D. Theais, 1968 (unpubhshed)
cc: Detraz, H. H. Duhm and H, Hafner, Nucl, Phys. A147, 488 (1970)

H. H. Gutbrod, H. Yoshida, and R. Bock, Nucl. Phys. Al 65, 240 (1971); H. H. Gutbrod
H. Yoshida, and R. Bock, Nuclear Reactions Induced by Heavy Ions, edited by R. Bock
and W. R. Hering (North Holland, 1970). -

€p. Beregi, et al.; Nucl. Phys. 66, 513(1»965).
_fD Kurath, preprmt (1973). S

d
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Teble V- 6 Norrnahzatmn of N (g. 8. ) derlved from PWIA to
S (g.s.) derived from DWIA T _ _

‘a . a

" Target © - DWIA.  __PWIA
12 © 3.00£.50  4.40+.58
60 - 3,508.50  4.42%.81
Mg 1.60%.20  1.60+.25

26Mg - 1.00%.20 - .80%.45
28gi 0 4.00£.20 - .78%.17
30 704 .20  .56%.19
- %0ca o 7st40 0 .58%.45
ca 0 s8x.40 - .36+.13
| "_§Zn_ B o .90%.10 - - .88+.28

*Normalized to S_ (DWIA) at “*Mg.
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_integra;tidhs for the excited state N, values were also limited by '
" | a'l "S"IO'..()O’-(f'm) = .. >Th:e‘-' 27 .éta..tves_ are more weakly .excite_d_ 'l;hax} the
' g.iibtirx.d.(S'tates. It is therefore possible that conﬁpéting' reactions con-
‘tribute rela.tiveiir moxf'e[‘:toft'h‘e'»Z'+ cross sectiens i:hah to the g.s. cross
sections. Thue the'lj\.Ia.va‘l»ue;s;'for;the 2" states given 1n ‘Ta{'ble V-5may
‘be. upper 11m1ts | | .
The second derlvable quantlty ).s the |¢(q)| w1dth This is dis-
cussed for (p, 2p) by Riou[ Riou 65]. The method emp_loyed here is. to
fita ga.u'ss'ian to the rﬁomentum di.st'ributiori and then quote the f'ull.
width at half maxxmum (FWHM) of the fit gaussmn ‘These results
frorn the (a, Za) experlment are listed in column five and the error in
column six. The error is 'determmed by noting the gauésmn widths
Wthh give a worse fit to the momentum dlstrxbutlon and then compar-
vlng this value with the best f1t The most striking feature Qf thls anal-
ysis is. the constancy of the Wi_dths as a function of 'nuclea'rii'na's 8; an
exieeptio,n"is -the_ 1»?’C fesiﬂﬁai'nu_cleus in which case the mementum dié-
tributien widt'h"_is.».consviderably larger than for the other n-uclei. Figure
V-16 shows .aAplot of._the memehtum_cofx;elation w1th the fit gauésian

for the O(a, 2 ) C(O 0) case.

2. D;scussm’n of PWIA rresults
‘a. Effectlve number of a.lpha clusters
Figure V-17 shows the results for the N PWIA ana1y51s for the
ground and lowest excited (2 ) levels There is ‘seenv to be a strong
decrea.se in I\a fr_om the ;C target to the 30g; target, while Na ie then
66

relatively constant to ~~Zn. This is the same result as obtained for

the ground state transitions in the DWIA an_alysié'.
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' Th 12C-’a‘ndh 16O 'nuclei have beeh stu:dui'e'd :experirnehtally and the-
oretlcally in terms of cluster structure - Table V-5 hsts branchmg
ratlos derlved from‘the C(p,pa) a.nd O(p pa) expenments at Ep =160
MeV and these reactlons are seen to follow the same systematms as
'_ the N derlved from the (a, 20) exper1ment The ( He, Be) and (4, L1)_'
S a pxckup reactlons [Gut 71 McG 71 Det 70] have given evidence for
exc1tat10n of 8Be(Z 90) state greater than or equal to 8Be(O 0), and they
’ have also -shown that t_he 12C(4 44) is three or four tlmes more strongly
populated than the 12‘C(O’.O). This latter result is qu1te unlike the alpha -
'kriock-o'ut e;&perime.nts, which have lhdieatecl' that 12C(O.O) is more
strongly populated than the 12C(4.?l4) (approx'limately a factor of 4 in the
(a, 2a) an.d‘ 2—'1/2'i_n'the (’p,'pd.). 'Nurherous ca’lcu_lations [Det' 70, Gut 71,
.Ber’ '65' Kur -73] (cf last four columns of' Table A >5)‘ have predi.cted
that the dominant parent of 6O in an va cluster model is the. 12C(4 44)+ a}
.rather than the 12C(O 0) + a} conflguratlon |

" The 'frrst‘two COlurnhs of the theoretmal'predlctiOhs‘ are alpha clus-

.ter speetros'co'pi'o fazcizto'r.s c'al'"culatea_}fronfl ‘simp'le‘ shell model wave.'func'-
tions [Det 70, Gut"?ii] ' based on a procedure given by'Rott'er [Rot 69].
The third column summarizes LS coupl_ing shell model predictions
[ Ber 65] , ., and the fourth column givesv sp_ectrosc.opi.c factors _calculated_
from 'intermediate. coupling wave functions [Kur 73] .’l'he corloluSion
from this latter work is that good.agree‘ment Wi_th'-'Rotter [Rot 68] is ob-
tained, as is seen inv Table V-5. Thus Se\reral cal.culations predict a |
. strong component of the {12C(4 44) + a} conflguratlon in the 6O ground |

' state in agreement with the a pickup reactions. _The population of final

states in 12.C from the 160(u, 2a) and (p, pa) reactions, therefore, is not

-~
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c'onsistent‘-elthevr V&.r"ith’ th:e:(d'bLi) and '(3'He,‘7.Be)' re’sults’ or with several

_shell model calculatxons for alpha spectroscoplc factors This same

O(a. 2a) result at E =70 MeV ha.s been obtamed by Keneflck [Kene 73].

Thls dlfference in the two and three body ‘final state results is 1nterest-

| 1ng since the 16O structure must be constant and thus the (a, Za) and a

- p1ckup reactions are apparently not’ equ1va'1en’t probes for f1nd1ng four

particle cvluster:s in'nuc’lei”’ There seems to be noé slmple explanatlon
for th1s result, and a theoret1ca1 1nvest1gat10n of the reactlon mechan-
isms 1nvolved may be very enllghtenmg

The relatwe N from Table V- 5 and F1g V 17 can glve some in-

formatlon concernmg alpha clustermg in the N = Z and N = Z + n nuclei;

where n = neutron number > 0. Enhanced elastic alpha scattermg
la b> 90° has been systematlcally studled for several nu-
clei’ 1n the sd shell Earher work postulated enhanced alpha clus.termg
[‘Sch- 70] to account for the enhanced back angle alpha scattermg of 40C3

over--4v Ca [Gau 69] Systematlcs from the (a, 2a) reactxon are found by

summmg the N for the tran81t1ons to the of and 2 states for the en-

‘ tr1es in ‘Table V 5 'It is seen that the 24Mg target is enhanced by a

factor of about two as compared to the 26Mg target and that the 2_8'8" '

target is slrghtly enhanced as compared to the 3081 target -Finally, the

40Ca target is enhanced by more than a factor of 2when compa.red with
the 44 Ca target These systematlcs are in £a1r agreement with the

(a, 0) scattermg [Oes 72] if the enhanced elastlc scattermg is to be

'taken as’ 1nd1cat1ve of enhanced alpha clustermg The except1on to the

24 26,

(a, q.o) expectation is the Mg(a, 2a) reactxon pau- Since the excess

neutrons are not occupymg a shell higher than the N=2Z core; the (a, uo) '
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'systematlcs Would pred1ct (agam if enhanced back angle (a, 0) scatter-

’1ng is sen31t1ve to alpha clustermg) constant alpha. clustermg in 24Mg

and 26,

.'24Mgb‘s‘1‘1'rnmec.1”N; is enhanced ove‘r.' 26-ng.’t'c ab'o'utthe"-sa'rn'.e extent -

Mg. Tnl_s result is not consmte,nt w1th the '(a, Za), results. Indeed,
the
as’ 'the ‘4°C_a :,'su'n'rirn'ed Na is :cyer‘_44(5a.. Since the24Mg(a, ao)and
ZéMg(vﬁ‘,* avo)‘ were not a‘;_c“'taav,ll.y*stu‘died in th'efelastic'-u .—'sc.att.erin.g [Oes
- 72] , it would -"se:ern worthwhlle to stﬁd}t ‘these Itar'g'et:s tob see if the (A'o., ao)

s'}jrstet’nati.cs\'failx in this 'case " The 28, 3051 (a, 20.) and 40, 44

Ca( a, 2a)
quahtatwely follow the (a ao) systematlcs

The (a, 2a) ‘data p,rovrde additional 1n£orrnation which should be in-
cluded in d'iscussingv'the study» of alpha‘structures from (o,,. 0) scattering.
That is, the (a, Za) y1e1ds the relat1ve enhancement of alpha clustermg,
and it would be mterestmg to see if th1s relatwe enhancement is sufh-
clent te ac‘count for the back angle eiastlc scattermg dlfferences For
1nstance, Table V 5 shows that the four neutrons out81de the 40Ca core
do not destroy the a.lpha structure of 44Ca.,- but rather reduce it‘hy a |

factor of two. The questlon might be proposed: _can a reduction of -Na

by two in 44ca account for ther obs_erved, (a, ao) effects in these nuclei ?
- b, Momentum distribution widths
The momentum distributi;on_extracted from
2 3 | |
|6(a)|“ = o (e)/(a (T, 0) (KF)) - (V-11)

for the 16O(u, Za) C(O O) exper1ment 1s glven in F1g V-16. The solid
.curve in this figure is a fit from a gaussian wave fun_ctlon (infinite har-

monic oscillator) in g-space:
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Yq) = e,_Xp,, [ % (-‘—9—)»:' = exp [- —é— (aq) ] L (V.jiz)
Where N 0 ‘has been taken [Rlou 65]

,:. 1/a Lo | N (V—t3)

and the un1ts of q are. {fm) 1._‘ The' ¢(q) is not normalized. The Fourier

Y. (v-14)

_ The FWHM values of the gauss1an flts to the ground state momentum

transform of (V 12) is

m

bir) = exp [ 2

_ distributions are . given in column f1ve of Table V- 5.

T-he half-widths at % of (p,2p) momentum dlstrlbutionvhav'e been
sumnlariZed-.foi' target‘nucil'ei-.‘up‘to 1»ZC[ Riou 65]." B}% assuming that
the (p, 2p)' momentum distributi’oh's ':ai'e gaus sian in’ shape, the FWHM .

.of thega’u‘s_s‘i_'an'corres»ponding to the ,,ha'l‘f-width at ‘—i—‘ can be calculated
from o | | |

qFWHM 1, 665(ay )y  (V-15)
where (qi) is defmed as the half w1dth ofea gau581an at -1— of its peak
helght Convertmg the (p, 2p) momentum dlstr1but1on w1dth values from
[Riou 65] to gauss1an FWHM values (as quoted in Table V-5 for the
(a, 2a) work),-values of 1.05 (fm) : and 1 26 (fm) are found for the

10Ba diZ

C nuclei, respectivelyj.
By compa.ring momentum distribution widths ‘extracted from the -
(p, 2p) and (a, 2a). experlments, some mterestmg comparlsons can be

- made concernmg the motlon of a bound proton and a bound alpha. First,

‘a relation between the ' average proton and alpha momenta w111 be found.
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s The osc111ator parameters a and a of Eq (V 12) are found by substl—

tutmg (qFWHM)

L= 10 (fm) and (qFWHM) 55 (fm) ‘in (Y-—12)
B where ¢(q) = 0 50 The values . Cele :.

p- = 1. 07 fm, o a'—f':_f-"z';i 4' m R ;‘(‘\}_’_"1‘6)?
'[are found ’Ihe expectatlon value of q, (q) 1s eas11y found by usmg B

the wave functlon (V 12) 1n calculatlng (q)

(q) S |¢(q)l qidq /f l¢(q)| dq v—i‘ S

a

._._." el

,T.her,e'fore, :'the"'{a'\'rferage?‘\_‘;a'lﬁels} of tfhe‘fpr'btc’h,va:nd"'?flphé? niomenta- are .
HHV’;52§>lf vgszixfﬁn*1{f“{1ﬂ77‘

S (g

and it is found tHat

Thus by comparmg the momenturn dlstrlbutlon w1dths obtamed from |

R

the (p, Zp) and (a, 20,) reactlons w1th1n the PWI.A framework the average'

‘ value of the proton momentum 1s seen to. be tw1ce the average alpha mo-

o ~-"-'g‘v»mentum.v G1ven the average momenta of Eq. (V 18) the veloc1t1es cor-

respondmg to these averages can be calculated from the relatmn o

s vand the results are- : s
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((3 >p .11  : v_v.i.'%.a'vveré.ge proton velocity . | _ (V-Zi)
aﬁd o | |
{ [5 ) 0 .0'1;;4‘ = a-\}.grag'é alpl?g.‘ ve.loc.’ity; .

A second éoir;t is made by coi‘nparvir_lg Eq'é; (V.-i‘Z) aﬂd (V-14).
Si’nce‘ §a$ ap‘ thg alpha momentum space wave fﬁgction is.n‘iore
peaked about | q=0 thap the protdn momentum space wav:e function,.
Héwever; the opposite is true for the Cobrdinate 'spa‘ce wave functions:
since ..a_a > ap thé a_ipha coordihaté space \;.vé,ye fupcfién ié mo?e diffuée
than the'p_roton coordinate space ﬁvé;ve _tjunct_ion. Carryinvg' out the anal-

_ yéis of V-17'in coordinaté spacé the 'éxpectatibn of .r, < r ), is found

<t

{lumfPrar | .
Clom(Zac 7
0 .

~ from which

{r)_ = .604fm
S (V-23).

‘ (.r)va = 1.21 fm, . :

-The picture from this analysis is thé.t; bound alphé, particles move much

slower .anckl at a greé.té'r radius on the éverage than 'a‘pvro'tvo_n within the

nucleus.
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V_VI..J Summa.ry

A systematm study of the (a, Za) reactlon at E =90 MeV ‘has been
vcompleted ""h1s is the f1rst mstance of systematlc work d1rected to-
wards usmg a three body f1na1 state react1on for‘ spectroscoplc pur-
poses 1n' 'mass’ reg1ons out81de of the’ OsOp shell :' ”Spectroscoplc
_ purposes" mea.ns that ‘sufficient energy resolut1on has been achleved
to 1dent1fy dlsorete low—lymg states, if they»are populated in the (o,, 2a)
‘reaction. "_,the .'introd{zot’ion to this work pointed out that alpha cluster-
ing 'and the role of the alpha partléle 'in' nuclear st:ru.cture“has long been
a topic of interest in nuclear physws. One reason'for' the- recent in-
| creased mterest in alpha clustermg and clustermg in general is that
the shell model descr1pt10n of correlated or mult1 partlcle, multi-hole
states i-s comp’lit:ated [Bri 66] . ,Nucleon' clusterihg pr‘ovide's a phys- |
1cal pieture of 'eorrelatio'hs, ‘and it also pro'\.rld'e‘s a ,d'i“ffer'erl‘t frame-
work for uridereta»ndihg 'hticle,ar pro'pe_rti.ev_s;v The 'intr'oductlorl also
mentioned several _.exper.imental _techrli_c’{ues "four gaining further .inférma—
tion about four particle c':orirelations', and hls‘to'rically it[isv tlnde to in-
vestigate kno.ck,-ou.t veoinc.idenceexpe'rirnent.s as another vs'ouvr.ce of spec-
: tr.oscopic in‘forrnation | |

The thlrd section of thlS work relates the.co1nc1dence techn.1quev_
,for obta1n7ng the (a, 2(1) data Surprrsmg d1fferences between various
-aspects of two and three body final states were dlscussed land these
d1‘fferences Werev-generall}r related to the d1381m1lar kinematics. Prob— '

' _ably‘ the simplest way to remember these ki_nemati‘c. elfect_s is that the
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re'cobil energy ih these three body fin‘al state experiments iis generally
much les's ‘than the corresponding two body experi’mve"nt. ,b This section
also aiscué-sed a correction for the _kinerhat-’i‘é band pvrvese.nt in ‘the

Daiif_z plét 1n order to realize the .‘l.)est r.e"s'o,lu't_io'h in the T3- + T, pro-

jections. 'This correction was made off line and is possible because

data ar'eﬁ";‘ta.kén event by eir‘ent. This procedure permitted identification

of several "\vﬁéakly'éﬁéfted; states which might have otherwise gone un-
noticed.”” | |
Expei.'il_‘z_‘levn.ta.l results Wefe summarizedv in ‘S'ectior'l IV 'Sevéfal

_iht'éreétiné s&qtenﬁatics of the (a, _2,.(1)- reaction were pointed ‘out. These
mcludea étroﬁg pfe‘fer;encé for ground state to ground state transitions,
a 'ch’aracfer’istic angular correlation pattern for these'traﬁéitidns, and
a systema.tié broadening :of the energy 'éorréla'tivon as t.he symmetric
alngle moved‘ a.&ay from the'Quavsifélavsl_:‘icv aﬁgl'ye‘t’o :m_oi-evforvvvard sym;
metric a'nv’gles".h B o |

~ The ;final' part &ié"c’u’ésévc'l ’t.I_xe e'x:périn.:t.enta'\‘lvresuvlts _in" t.;e‘rms'-of a
phenomenologi;al DWIA and PWIA thelo.ry. The DWIA theory was con-
structed for ' 0+—> ot transitions, and .wa.s éeen to do a re_mé.rka.bly
_g_ooci job in.describing rnér;y features of the thfee body'expériment. In
ovrdei' to find the best fits it was nec_essax.'y.' to vary the dié'_tortion:pa.ra.m-
et‘e‘rs;-how‘ever, uﬁoh fiﬁding a gbod fit to the‘ 160((1, 2a)12C(0.0) 'datat'.
the parameters were neérly constant for the rer'na‘.ini'hg nuclei. The
finé.l 'fit‘pvaramet.ers of the McCért_hy -‘Purs‘egr wa_\_r.e functions were con:
-vsistent' With thé choice of (p, 2p) parafnetérs _usihg similar wave func o

tions. An absolute normalization to iZCYW.a.s found such thét Sa:3-0,

P
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and‘ spectroscopic‘ factors were extracted for the ‘remaining nuclei
_' based'on'this normalization. These agreed rather well in a relative
sense w1th the S extracted from a DWBA analys1s of the ( He, Be)'

react1on D1f£erent results in the 160(3He, Be) C and the O(a», 2a)

12C f1nal state populat1on have been d1scussed The alpha p'ickup's

12C(4 44) qu1te strongly compared to the ground state while

excited the
the oppOsite'behavmr was observed in the (a, Za) reaction. The PWIA
theory was used to describe the _i'elative population of the éro’und and
first excited _2+ states, and to extract certain average properties con-
nected to the momentum distribution. The PWIA 'seemed to give spec-
troscopic informatlbn that agreed with the DWIA in a relative sense,
although it was see_n that the DWlA acconnted for s'everal experimental
features in which the PWIA failed. The problem of detectmg alpha
particle enhancements by (a, a 0) scattermg has been discussed with the

(a, 2a) PWIA analysis, and certain questions have been proposed for

the (a, ao) ‘scatteringv.
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Appendix LA.
A derivation leading to r'elativirs_'tic ex'press'iorlls'ﬂ)r various kine-
.m'atical -quaﬁtities pertinent to thfee-body final state is given here.
The notatlon is that of Flg II 1
o The four vector |
P = 21+p_2 _p3+24+25 . (1)
_can be deceinposed into -
| (1) total eynefg}y"con.serva-tiqvn' -
E:»Ei f_$25F3+$4+E5 _ ' (2)
and .
(2) three mdfnentumtcoheef%retien : o
PPy tPp =Py tBytBs (3)
where ' - o

2. 24 S a2
-‘(cpi) +m/c and Ei »—»Ti+mic co , (4)

The general procedure is to reexpress ES in Eq. (2). by using the-sca- '

lar producl; of Eq. (3). All caleulatiohs are cerried_'out in the. lab sys-
| cert, .so, | _ .

P, =0 and =P
Equauon (2) can be rewrltten ‘with the help of Eq.. (4) as:

(E- E ) - 2(c 2+ m2 H (- E )+mzc4-m§c4-.c2p§ (9

4
The sc_alar product of (3) leeds to*-
+ Zcp3cp4 eo»s 612



-where B 612 9 92' (0 negat1ve)

-Substltutmg (6) in (5), expandmg, and groupmg in powers of (cp4

(Cp4) [(E E ) - (Cp1C0892 cp3 cosb 2) ]

,3.

4 (cp4)(2A)(cp3c08012 cp1c0592)+m c (E E ) =0 (7)
where ’ v
a2 2 4 2 4 3
A_”_v(_l:_’_‘+m c..fm4. -mc)/Z-EE3+§p1 Py -

Use of the metric

2

- P =E'2 - |I—l-"|2= (E +E2 ((:pi)2

2 2 4
2E E2+E2+m1c

H

has been made..
By examining Eq. (7) it is noted that a value of Cp4‘ -_'can' be calculated -

given a value for cp:',). ‘This is done by solving the quadratic equatibn

a.x2 +.bx‘+ c = 0_ E

where . . '
' a S (E-E ') - (cp1 cosG - cp3c098 )2
b = ZA(cp3 cosf 12 - p1 cos@ )
.a._nd | ' |
- c =mic4(E E ) 2

Thus a formula yielding an expression for t_hevrelativistic momentum
of particle 4 given the momentum of particle 3 is the general solu- |
tion of the quadratric equa.tidn:

. b anb? - 4ac
Py ® 22 -

For a rea'l solution to exist, b2 - 4ac =2 0.
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Two solutions exist (the double-value eaee)-when u

Jb% - d4ac so.

In all kmematlc regions investigated in the present (a, 2a) work, the
| one solut1on (-b +Jb 4ac) case prevalled

Upon solvmg for CP, many other k1nema.t1ca1 quant1t1es are readily
ca.lcula.-ted Those of 1nterest to th1s expenment 1nc1ude the k1net1c en-
ergy of part1cle 4(T ) the summed kmetlc energ1es of particles 3 and
4 (T3 = T3 + T ), the k1net1c energy of partlcle S(T ), and the reco11
mementum CPge Also calculated is the momentum cha.nge suffered by
the incid_er_xt p;article.' This 3-momentum transfer is given by

B, = B, - b,

B B = CIRIT 2 (6B - By (6B, - Fy
c |p1 |2 tc IP3| - 2.0 C2,|p1| |p3lc0391.

]

Summarizing, the complete solution of the three bedy kinematic
problem restricts solutions of T4 to lie along a curved’,line as VT3
varies. Examples of kinematic calculations in the T3 vs. T4 and T3

vs, T, + T4 plane are given in Fig. II-2,

3
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" Appendix. IL.B.
The derivation of the quasi-ella.s'ti'c aﬁgle is gi:ven.‘. since,’. by def-
. ir_ﬁtidn_ of the quasi:elastic angle T5.='v0, tl"1e problefri can‘ be feduced to
a two boay i-nelastie problem. The inelasticity is .d'ue to the binding
‘energy of the knocked out partlcle to the core. f‘ifst a xllon-reiati;\ristic
der1vat10n 1s given, and a relat1v1st1c der1vat1on is md1cated |
(1) Non-relat_:ivi'svti..c.__r

Th‘e.vsc.a.t_ter:.in'.g process for the (a, 20) case is viewed as an inelas-
tic collisioi'i of two alpha parfieles: _ | |
| | o | | L%

Ho,1>+:a.2.+Qv—>~a3+.a4 ._

w}ie?é Q : .isw the bindiﬁg of '(c.er.e. + a) in the 3-‘bod.}‘r sjstem. In the lab

system

and- T, %0
1) the non- relat1v1sl:1c equatmns for the conservatlon of momentum

. and energy are

VET1+Q=T3+T4 - . 1)
‘and B, =Byt . . @
Substituting T; = piZ/Zmi in Eq. (1)

and subsequently repléeing |51 |’2 with,(53+ 34)- (53+—§4) from Eq. 2)
one obtains | '.
2p3--p4 + ZmaQ =0

or [§3| |_§4| cosf,, = fmaQ.'
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Substitutin'g'- the non-relativistic relations for |;3' and |;4| and recog-

nlzmg 6 = oQ.E: 61 2/2 -_'fo;'. the symmetric angle case,

qua51 -elastic

the r-esu_lt is:

cos 26, = _
_ 374 .
er taking T3 = T4 . : » -
9.k T3 [‘“C °°‘?’7‘.2;-%)] o ?

(2)" Relativistic

Tot’al.e(ne'rgy' eonseiiv-atieh’is eﬁpressed as ﬁi+ E,+Q =E,;+ E,.
However, in‘oﬁr (a, 'Za) vcaAse all rest mas‘ses of the particles are iden-
t1ca1 80 thls equatlon 1mmed1a.te1y goes over to the non- relat1v1st1c
case of Eq. (1) By f1nd1ng the sca.lar product of (2) (wh1ch is true rel-
at1v1st1ca11y) and ehmmatmg | p1 | from thls equation by use of (1) it

is found that

2 2
2T3T,- 2AT4+T,) +Q7 - 2m e Q

2. 2., . 2 2
= 2~/T3.+ Zmac_ _T3 ‘\/ T4+ Zmac» T4 cosZOQ.E. .

Taking T3§ T, and_éol_xfing fo? cosv'IZBQ._E.:
. I S | 2 2 2
.ces(ZOQ.E.) -‘7(T3 2QT,+Q7/2.0 -m ¢ _Q)‘/(AT3+V2mac T3)._v (4)

It should be emphasi'zed'-that the'se,jequatior.ls.'were derivedfexplicitly |

for the.(a., 2a) case where BQ .LE = 01'2/2.- It is int_’eresting to take the

non-relativistic limit of (4). In this case To+0, -2QT,~0 and



5.: v -1180—

‘ .Q;/Z,O ~0.. So (v4'_).re:ducesn_t_ou :

) 3 ,‘
‘-macQ S Q

ZT. .. 2T

fl

cos'(ZOQ.E'.)

2m c
a

"

Cor OQ.:'E.: L liar(:»_ éos(;—%;’)]
aé in Eq (3). )

Cohsider‘ing'the lar‘_ge‘ax‘lgul.a'r acce.plﬁances in the 9’0‘1\/:IeV.(a, 2a) -
Wbrk,' it is inc_énéequential Vt;héthe.r Eq. (3) or (4) is used to calculate
BQ’ E. It should be noted that the qué’si-elastic' éngie in the non- |
relat'iv‘isti‘c 11m1t is a fuﬁctibn' only of the ‘binding‘ehergy and T3 where

Ty =Ty
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" Appendix L.C.
"~ The non-relativistic deri}%ati_on for finding the excitation of an un-
known pe:ak in T'3+ :T4 projected. spectrum is given here. The follow-
';ing gdndifions are built into the derivation: (1) T;3‘=' T4, (2) Q(g.s.)
is '}<n<_>wn, (3) my=m,,

metric and equal to 6.

is knowri, and (5) angles are sym-

(4) T3+T4

Energy conservation requires

T, 4Q=Tgs T4h+ T5 o | @)
in the 'lé’b- fr,a‘me'. Using the relation Ti. = piZ/IZmi. and making the iden-
tifications' ‘ | |
| 1 ~ incident '. a ‘
 3,.4 - détectea a;s
5 - :reéoiling, "undefeCted hﬁéleus
Eq 1) becdﬁés | |

2 - oL . . ’ . .
ps +2m Q- 2p% +u p? (2)

1]

where : | : u = ma/mR.
The quantity pg can be eliminated from (2) by using the conservation

of momentum

R cECR @
By taking the scé.lar_ product of (3) it is found |

2. 2 - > 2. .
P = 2p3 (4 fcos(ZO)) - .4 cos(O)vlp1 | |p3 |_5+p_1 . (4

By substituting (4) in (2) and also making the substitution

s_.'-_E)lc. ‘_ | ) . . (5)

. . g.
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where -
| Q<0 - for‘r‘end(;)t‘hermic reaction |
Q >0 for evxothe:rmic'li'.e‘_a._‘c_t.ic.)n:‘ o
the fina.l'exp.réss.ion is obtained :

Ex = Qvg”.ls. + Ti(i‘u)

+ 4u N 'T1T

5 cos 6-2T, {1+u(1 +cos(20))}. ()



where E] = |E-€°

A . Y . - . -
1 3 v oE ' 3 b . p -
A% o el b Cf £ Wy A nd
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Appéiidix 1’12

The 1ntent of thls appendlx is to outlme the evalua.tlon of the dlS-

‘torted momentum dlstrlbutlon Eq (II 43), for 0 - 0 trans1t1-ons.

The 1nte gral

w2 ( EP e ma
on, B) = NiN S‘ A RGO B (I1-45)
-‘“,'l . _w”' . . » ’ . :
where
: }g‘ ,:v o ky -ae(kg+ kf*.)-, (.11._4.5)

is evaluated in polar coordinates. The Ni.and Nf of (II-45) are deter-
mined in Eqs (II-41) to (II-43) The radius of the nuclear surface
used in these expresslons is glven by R =1.30 * A 1/3 for (II-40) and

R =1, 30* (A 4) 1/3 for (11- 42) The f I_‘(p) (Eq A(II- 29) is qulte s1m- .

 ple for a 0t~ 0% transition:

| 1/2 Ryp(p) o -
NO(‘;) = Sa. V -‘N-O——- - . (1)

f
and the RNo(p) .18 normalized according to (11448). Fu'r;hermore,
since fNO(F) is isotropic no compliéations exist in the 8 integration
of (II 45) as outlined in Eqs. (11- 32) to (II 34)

The ¢ and 6 1ntegrat10ns yleld o

N.Nfzni/?‘ s¥2 = o o

_ 2 1 a _ . g i
o® - === [ Ryotersint|Eleiae (@

(3)
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'Thu_s the quantity l—él is complex, and from Eq. (II-44) it is seen the
l §| is a ‘funcﬁti»on of the asymptotic momenta and the distortion param-

eter s} explic i'tly.:

|§|-{(o,) K& +(a3) 2,2 +(o.4) k -2a,a k IE -20. 4k k4

13
/2 (4)

: 1
+2“‘34 3 Ky}

= (a+ib) 1/2
The quantities a and b in (4) are obt‘ainéd}:iy" éubétitdting.the B and vy
- distortion parameters via Eqgs. (II-44) into (4), a'nd‘ separating the
resultant expression into real-and imaginary parts. . In the plane wave
limit, b = 0 and E:K -k, - '1_24, a purely. real quantlty

3

The square root of (a +ib) is in general another complex number '

__|E|‘; (a‘+ib)1/2” = c+i—4d. - (5)

The sign of b determmes the sign of d; d 1tse1f is a.lways 2 0. The
expressions for ¢ and d in terms of a and b are found in [ Ahl 66] .
The result is that vIrn(l_gl) may be and is in rna.ny-cases negative.
| Upon expanding ain( fE[ p) = sid [(c+id)p] in terms of frigonomet-
ric.and h&perbolic functions it is found that |
L 2 VPNnNZs¥2

¢ﬁ0(§) = .1_,f a [A0+1BO] _ | (6)_,4

H
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where
A0 = S RNo(p)sin_ (é:p) cos'h(dp‘)dp
| . p=0 S
. and s : B ' ' (7
BO = S‘ RNo(p)-cos(cp) sinh(dp)dp.
The final'_result needed for evaluation of |M|2 in.Eq. (I1I-26) is:
(8)

. 2..4 _— .

- . - 47N, N_ S : ’ .

nolE) nolE) = —5 dfz 2 [ (a0)% + (B0)?.
c +

The quantities (AO)2 and (BO)_2 are evaluated by numerical integration

of Eq. (7).
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A_}Spendix IiI. This appendix is a listiné of the fré_e a-aicz_'oss_ secﬁioné
used in the ifnpulse -_approximatio_n theories. The energ'y given in the |
tables ;s tile 1é.boratory kinetic energy of the ,inci';iént alpha particle,
and the ahgles and. cross sectioné are given in the ce.r.lter of mass
system. _The déta ére taken from [ Nils 56, Bred 59, Conz 60, Tom 63,
Darr 65] _ . |



ENERGY « 3,840 - ENERGY = 5,269 | ‘ ,
CeOcMe ANGLE  DIFFs. X-SECT[ON(MB/SR) " CeOeMs ANGLE - DIFF. X- secnonma/sm
55,000 2:0.00000 . S ss.0m o 1oo.ooooo
804000 . T 210,00000 0 U gata0n . 42.09000
85,000 . 200,30000° . . . 65000 10003003
70,009 - - 200,09009 o 704000 3.20000
75,000 . 185.00000 T 78,000 - 10410009 .
80,000 ' 180.03000 | 80. C0O 21450000
85,000 173.00300. o - 88,000 37.03000
90,000 - 175,00000 . 90.000- 4200000
ENERGY = 6,470 ° . ENERGY = 6,960
c.o.n. ANGLE  DIFF, X-SECTION(MB/SR) *  °  C.0uMs ANGLE DIFF, x- secrnou«na/sn)
55.000 o ss.00000 - 55,000 . 49.79000
604€00 7 oa3.00100 - - 60,000 32400000
65,000 . 90,00000 © 85.000 ©126.00000
70.000 .o19s.00000 T : 70.00) - | 249.00000
75.000 . 300,00000 - - - . 75.000 38000000
80,000 - . 400.30000 - ~ 80.000 500, 00000
85.000 . - 460.00000° - - ... 85,0000 %80,00000
90. 000 570400000 g 790,000 60000000 .

"ENERGY = 7,470 o -

v ENERGY = 7,880 g
CoDaMe ANGLE - DIFF, x-sscr:oN(na/sa)* oo CoDaMe ANGLE ,V_DIFF.‘x-séCTION(MB/SR)>M

... 556000 35,00000 - . 35,000 . 28.00000

60,000 T 5200000 o ; 60,000 ' 56, 00009
£5.000 ' 120.000C0 ) 65.000 . .1%0,00000
70.000 : 260.00000 = 7€. 000 : 280000000
“T5.000 0 400.10000 o ... .. 75000 . 4C0.07000
80,000 P 500.00000 o 80.000 : %3.G. 20000

el ... 85,000 - - 560,00000 - ' . 85,000 . 590. 00009
_ 90. 000 T 620000000 R C 90, 000 61 0. 00000

-18F-



g

. ENERGY =

CeOeMs ANGLE
55.000

$0. 000

. 55,000
"~ 70,000

- 78,000
80, 000

85.000

90.000

ENERGY = 10.880

. CeDeMs ANGLE

5%. 000
" 604000

70,000
75.000
80. 000
85.000
90. 000

ENERGY = 12,300

CeOeMs ANGLE

53,000
50+ 000
6%,000
T70. 000
75000
80,000
85,000
- 90,000

8,870

65,000

DIFF,

DIFF,

DIFF.

85.000 . .

DIFFe X-SECTION(MB/SR)

© 8450000
38,0000
" 105,02000

2270400009

37 0.,00000

400, 00000

460, 00000

~-500400000

X-SECTION(MB/SR)

2.30000

28,00000
- 85400000
. 170400000
.7 .270,00000
" >'320400000

' 380,00000

. DIFFe

400.00000

£9.,40000
29, 90900
67.80000

" 128,00000

v ENERGY = - 9,880
X-SECTIONINB/SR) _ CeDaMe ANGLE
18.00000 - < 55,000
52400009 - T 60,000
. 140,00000 - . . - 65,0060
230, 00000 70,000 .
340.00000 7%.000
430. 00000 " 80.000
500, 00009 et le;_ - 85,060
520, 00000 I 90.000
, ENERGY = 11,880
X-SECTION(MB/SR) ' CeOaMe ANGLE
450000 o . s5.000
35,00000 S 60. 090
101,050000 LT 654000 .
200.00000 S . 70,060
285,00000 . 75,000
360.00000 : 80.000
400,00000 . . 85,000 -
390.00000 . 90.000
iiej ENERGY.= 15,200
X-SECTION(MB/SR) Ce0.Me ANGLE
2442000 .. 55,000
24,40000 604020
90,40000 - 65,000
165. 00000 70,000
270,00000. 75.000
137.00000 . 80.00)
408,00000 - ..
418400000 - ~ 7Y 90,000

/190400000
. 257.00000
- 292.00000

317.00000

.

- -88%-

X-SECT1ON (MB/SR )



.

ENERGY = 17.890

.. CoBeMe ANGLE

55,000
50,000
65,000
70.000
75,000
" 80,000
8%.000

90,000 -

_ ENERGY = 20,400
€Ce0cMe ANGLE

55,000 -

60,000

' '80.,000
85.000

ENERGY = ~ 22.250
CeUeMs ANGLE

54.000
59.720
54,000
70. 140
76,200
. 80,000
85. 000

90.000 .

DIFF,

DIFF.

65,090
70,000 .
78,000

. o ENERGY = 19,100
X-SECTTION{MB/SR)

‘DIFFe X-SECTION(MB/SR) -

.1..3,00000

103.00009

" 89,20000

90410009

97.2%000 .

ST 122400000

CeleMs ANGLE
- 65,10000 55,000
67 ¢ 90000 60,000
7490000 6%, 000
98,%50000 - 70.000
. 130.00000 . 15,000
163.00000 80. 000
'188,90009 85,000
204,00000
. ENERGY =  21.800
X-SECTION(MB/SR)  CeDsMe ANGLE
120.50000 . 55,000
11 0. 00000 60,000
93,20000 _ 654000
78.50000 70,000
80, 49000 75.000
92, 00000 80,000
108, 00000 . . N .
‘ . ENERGY.= 22,900
X-SECTION(MB/SR)  ~~  "€uDeMe ANGLE
" 247,00000 54,800 .
213.00000 60,000
15600000 6%.000
69.40000 79,200
20.20000 760200
1500900 . 82.000
21410000 © ¢ o 86,000
904000

27.10000 _—

90,000 .. .

OIFF.

140, 00000
143,00000

X-SECTION(MB/SR) -~

. ..238,00000
" 202,.00000
,-134,00000

1241.80000

67.30000

- 30.70000

2050000
- 31,60000

X-SECTION(MB/SR) -

285,70000
150, 20000
60.30000
7.20009
6430000
17,2000
21.10000

-68%-




ENERGY w. 23,109
. CeQeMe ANGLE
C T 65,000

70,000
T15.000

e 2. 80000

85.000
90. 000

ENERGY = 27.600

CeDeMa ANGLE
. 66,000
70,000
75.000
80,000
85,000

90, 000

ENERGY = 31,800
CoDeMs ANGLE

O1FFes X~SECTION(MB/SR)

144.03000
59,4000
12580000
o e o 630000

13,10060

18.,00000

DIFF, X-SECTION(MB/SR)
T 10z.000c0

36420000 .
45,70000

'122.,00000

152,00000

DIFFs X-SECTION(MB/SR)

. 65.000 43,00009

-70.000 - 31.20000

75,000 76. 00000

ez, aneen. 300000 137.00000
85,000 212. 00000

90.000 23%.00000

... 186400000 __

o

 ENERGY = 25,500

 CoDeMe ANGLE
60.000

79+ 000
80.000

. 90, 000

ENERGY = 29,800

CoDeMe ANGLE.

654000

70,000

T5.000
-80.000

..90.000

6%.000
. 704000
" 75.000
80. 000
85.000

90,000 .

" ENERGY = 34,200

f
|

. CeDOeMe ANGLE

DIFF.,

X-SECTION(MB/SR)

. 244.,00000

46470000

- 87.40000

. 138,00000  _

D.'I_FFQ

X-SECTION(MB/SR)
5600000

36460000

5000000

1157, 00600
-, 226400000
208400000

X~SECTION(MB/SR)

8.70000
2900000 = .

101400000
. 175.00000

247.00000
286, 00000

‘4-0617,



ENERGY = 335,00

Ce0eMe ANGLE

55,000 -

72,000
1,000
80.000
85,000

90,000 -

_ ENERGY = 36,8%0
- CeD.M. ANGLE
' 65,700

59,700

T2 70C

79,700

854700

89,700

. .90,000

ENERGY = 41,900

C . CeDeMs ANGLE

. 65,0C0

T 7. 694200
T T%. 8060

- 804200

B4e400 .

88,400
" 90,000

DIFFs X-SECTION(MB/SR)

_ 7.80000 .
250 I1GOD
76410000
1144 03009

122000009

. 267.00000

DIFF,

. DIFFe

X-SECTION(MB/SR )

6462000 -
8430000
Tt 30020
129, 00009
199, 00000
299.00909

2:0.09000

X-SECTION(MB/SR )

25.66000  °
2.22000
61.80000
144.80000
223.40000
256.70000
269.00000

© ENERGY. = 38,450

654200

“ 70000

754200
- 800000

83,609

U f'} 90,000

ENERGY =  40.770

CeOoMe ANGLE

6%.300
69.3C0
756300
79.300
' 85,300

89,300

904 200

ENERGY = 44,450

o .CoO_.M. ANGLE .

644800
70,800

74,800
780’800. B
86,400 . :

'‘88.400
90.000

DIFFe X=SECTION(MB/SR)

" 485000
13 .60000

36440039

69.'0000

Sy 100602000
. -2 110403000

DIFF.. X-SECTION(MB/SR) -

T 14499000
" 4439009
37, 60000

121.. 00909

.7 .213,00000

: -2¢.6,00000
250.09000

 DIFFs X-SECTION(MB/SR) -

38,80000

1. 79000

. 20450000

62,30000. .

131420000
169. 00000

- 16800000



ENERGY = 6€,%720

Ce0oMe ANGLE"

6%, 809
59, RQO
T5e 800,
79, 0D
84,409
R84 400
90022

ENERGY = 53,400
CeOsMs ANGLE

© 83,070
72.73)

14.560

80,320

86,120

89, 990

90. 000

ENERGY = 62,91)

CeDoMe ANGLE

54,120
10,770
144590
T8, 440
84,270
88,7 40
90,000

ENERGY = 47,100

DIFFe X-SECTION(MB/SK) CoDoMs ANGLE
25650000 . 55,500
2.07007 S 694500
51, 90000 _ ... T5.%00
178.,030C) e 79.500
2814 T70C00 - o T 854500 -
2164 230C7 . o B9.50)

. 220609000 - T T 90.000

ENERGY = $8,490

DIFF. X-SECTION(MB/SR)

2" 4 400G)
1465009
5120000

T 122490000
T 2164 70000

 DIFF.

- 24492000
- 83436000
99,59000

DIFFe X-SECTIONIMB/SR) - CoOoMe ANGLE
52,9300 : 664300
0645200 . ’ . 69,799
1205699 A T 154540

. ;1:5;ogg T : 79380
118430000 o - 89,050 . -

119,00000 R 90,000

ENERGY = 69,9190

DIFF, X-SECTION(MB/SR)  CeDeMs ANGLE

D1FFe X~SECTIDON(MB/SR)

238,90000

©2460, 00000

X-SECTIONIMB/SR)

70.47.000

28420000 .

Y 2e 540

.100,00000

52493000

. 2877000
5.3+69009

65034000 - 64e14) .
29.39000 X 1 7104790
15.23000 s SRR 74,620
16440000 - v ' 80.380
40,55000 - - S 84.250 .
56464000 . 89,050

57,00000 .. .. . . 90,000

11.,43000
20407000
28.,21000

. 28.50000

263+



" ENERGY = 77.559

CoO.M. ANGLE DOIFFs X-SECTION{MB/SR)

542170 17,97909
10,80 23,90000
1%,277 11469900
80.390 N 4,81001
84,283 8497000

90. 000 10460000

ENERGY = 119,900
CeDeMs ANGLE
63,370

68,110 .
73,840

8,530
85. 400
89,280
90. 000

ENEPGY =

CeMaMe ANGLE

DIFFe X-SECTION{MB/SR)

2060800
1.50700
» 61800
] 05400
«26700
+50600
'«51000

99,800

54026

7'+ 860
753:0
719.%560
854329

89,200

96, 000

_DIFFs X~SECTION(MB/SR)

1i,33009
%,9%000

2.32000

53200
«51209
93300
+ 90009

-€6F-
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, Append:xIV _This éppendix p“ro'vi&e's_ a »sumr'n..ary. of; t'lv;ie" sYr_nmetric'. _
tr1p1e differential cvross,vsvéc;,tions for the ground and fi’rst-e.xc:it.e.d state
‘ trap'éitidns gi\."rven ag a function of T; (energy cofrelatipn). Al
- quantities are given in the_ .1a;50ratory éysterﬁ. j'lri‘he' results are arrange'db
| by inéreaéing n.lass,. and then by ih.creasingv excit'a',tion: energy withi-n a

given mass.



T3

IMEV)
27.88

29.16
32444

35.72.
. 39.00
< 42428
| 45456
. 48.84
52.12

55,40
58.68

T)

(MEV) ~

25.74
29.02
32.30

35.58

38,86

42.14
4542

48.70
51.98
55.26

88,54

61.82

RECOIL MASS =

8 AM.Ue

EXCITATICN ENERGV = 0. (MEV)

SYMMETRIC ANGLE = " 22 DEG.

 SIGMA
MR/ L (SR )x420MEV):
«C486
1208
<0985
+C572
«C863
.1045
.0972
<0985
- .C887
C 0754
0.

RECOIL MASS =

EXCITATIGN ENERGY =

SYMMETRIC ANGLE =

- SlCMA :

(NB/((SR)**Z‘HEV'
. «C1l74
«0300
«0857
«1121
«0525
40671
- «C479
«0300
« 0090
«C006

STAT, ERRQOR -
(Hﬂll(sR)*‘Z*MEvl

«0100
«0210
+«0140
«0l40
+01¢&0 -
0170
« 0140
«0180
+0160
«01%50

=0

8. A.M,U.
0.. (MEV)
28 DEG.

STAT, ERROR
(MB/ (SR ) *#2NEV)
<0032
0042
+0068
«0C72
0081
0082
0075
.0063
<0054
<0042
0023
0006

55440 -

e s s A+ 3051 T S,

T2

(MEV) -

25.88
29.16

32.44 .

35.72
39.00
42.28

45456 .-

48.84
52.12

58.68

T3
(MEV)

" 25.74

29,02
32,30
35.58

38.86
42.14
45 .42
48.70

. 55.26
58.54
61.82

RECOIL “ASS =

.

8 AM.U.

EXCITATION ENERGY = .0c  (MEV)

SYMMETRIC ANGLE = 25 DOEG.

: SIGMA~
(MB/((S”I“Z*HEV’
«CE%H
«1134
«C82C
. 1402
«1581
«c029
- « 1671
1521
«1163
«C835
+«CC60

RECAIL MASS =

- EXCITATICN ENFRGY =

SYMMETRIC ANGLE =

SIGMA

(MB/( (SR)##2#MEV).

«C246
«CE29
« 0699
«16(8
«2172
2523
2435
«2052
«1320
«C669
<0601
«Q023

- STAT. ERROR’
(MBI((SQD*‘Z*MEV)
«0180
«0270
«0250
«0300
00340
«0360
«0310
- 0300
.0280
«0200
0060

8 AM.U.

0. (MEV)
35 DEG.

STAY. ERROR '
(HB/((SRD**Z*MEV)
<0071
+0069
«0073
0110
0128
.0138
«0135
«0124
«0100
+«0071
«0067
«0013

~661-



RECOTL WASS = 8 AuM.U. . C 0 RECOIL mASS a. LI YC TR

. - . EXCITATION ENERCY = 0, (MEV) o e EXCITATIGN ENERGY = 0, ANEV)
. : SYMMETRIC ANGLE = 41 DEG. G SYH‘EYPIC.ANGLE = 42 DEG.
T3 o SIGMA : STAT. ERROR T3 SIGMA - STAT. ERRFR
{MEV) (MB/U{SR)*#2apEY) (MBI((SR)*OZOMEVl “{MEV) . (“BI((SR)**Z*ﬂEV) (Mﬂ/((SR’*‘Z‘HEV)
2574 «0146 e 0046 25.74 - . - .0116 e « 0024
29.02 . «C£39 .. e0CB89 - o+ 29,02 «C378 LT « 3043
32.30 0467 . +0082 ’ 32,30 - «0223 ) o «U033
35.58 . «CS10 . . e0086 S 35,58 - . «C276 . BT «0C37
38.86 " e1083 - . e0126 . ' 38,86 08267 - . L0055
. 42414 Y L) S , 0120 - . ' 42,14 «C810 o «0063 <
45.42 L1025 < - e0123 C 45,42 -7 . ,0807 : © 0056
48,70 " eC158 - - «01C5 . ‘ 48.70":. «C209 o 0032
S1.98 ) «0219- +0056 . 51.98 - «0141 T 40026
- 85,26 " e C2€2 ' _ «00€2 -~ ., €5,26 - eC276 e « 0037 AR Lo
T 858.%4 03¢5 «0073 - .- 58.54 - . «0223 o - «0033 o L fee,

61482 «0029 o «Q021 -+ 6l1.82 -~ «C03¢ - _ : «0013

=96F-

RECGIL MASS = . 8 AuMaU.
EXCITATION ENERGY = 0. (MEV)

SYMMETRIC ANGLE = = 4T  DEG.

T3 SIGMA . _ $TAT. ERROR"
(MEV) (MB/((SQ'**Z‘HEV) . (MB/L{SR)**2%MEY} -
25.74 -0026 ~ .o008 ]
32.30 -CC?B < '«0016
35,.%8 o004 . «0Cl4
38,86 «0Cllé «0017
62,14 «C1é7 : «0021 -
. 45,42 «0122 o «0018
- 48,70 . +CC53 : «0012 )
51.98 - .00€3 .0013 )
85425 «C0&Y o «0013 -
58.54 « 0026 « 3008
61.82 .0005 © .0004 »
'“ z;
I X
oo ]



S & |

(MEV}
25.88
29.16
32.44
35.72
39.00
42.28
45.56
48.84
52.12
55.40

T3
(MEV)

25.7¢

29.02
32.30
35.58

42.14
45.42
48,70
51.98
55,26

© 58.54

RECOIL MASS = 8 A.M.U.

EXCITATICN ENERGY =

" . SYMMETRIC ANGLE =

STGMA
(MEJ((SRI*S2&pEY)
«C620
. 1C58
«CB8S%Y
+ 0648
« 0717
« 0778
« 1009
«C754
+C571
0.

RECOIL MASS =
EXCITATICN ENERGY =
SYMMETRIC ANGLE =

SIGMA’
- (MB/((SF)*&2%MEY)
«0282
«C408
« 0457
«Cet5
20449
«CETT -
«0721
« L5827
_ «C575
«C473
«CC84

2.90 (MEV)
22 DEG.

STAT. ERROR
(MB/((SPIER2RMEVY)
0120 .
«016€0
«0140
«Ql170
«0160
+0140
«0200
«Q140
+0130
- =04 :

8 AM.U.
2.90 (MEV)
28 DEG.

STAT. ERROR
- (MBY ((SR)**2%MEV)
«0C39
«0C49
«Q05%
+ 0063
«3052
«00¢4
<0066
«0056
00059'
«0053
«0022

T3
© (MEV)

25.88
29.16
32.44
35.72

39,00 -
42.28°

45,56
48.84
52.12
5%:40

T3
(MEV)
25.74
29.02

32.30

35.58
38.86
42.14
45.42
48,70
51.68

. 55.26

58.54

RECOIL MASS =

EXCITATINN ENERGY =

SYMMETRIC ANGLE =

SIGMA ,
(HBI((SR’**Z*NEV)
«0507
«C955
«1104
«1044
«1581
«1163
<1283
«12€3
+ 0685
«C448

RECAIL ‘MASS = .
EXCITATTON ENERGY =

SYMMETRIC ANGLE = .-

SIG*A :

“{MB/ ({SR)*%2%MEV)
«G0564
«C872
«CB64
«C722
« 0609
«CEEl
«06¢€1}
«C872
«1060
'« 0692
<0218

B A.M.U.
2,90 (MEV)
25 DEG.

STAT . ERRNR -
(HB/((SRi*‘Z‘NEVI
¢« 0200
0230
«0270
« 0260
«0333
« 0230
«0270 -
« 0270 .
« 0240
.« 0140

8 A.M.U.
2.90 (MEV)
35 DEG.

" STAT. FRRAR
.(MB/((SR)*tZ'HEV)

« 0067
-+ 0081
00081 .

« 0074
«0068
«0C71
«0071

+ 0081
«0091
«0086
«0040

2167-



RECOIL MASS' = -8 AJM.U, o .. “RECOIL MASS =" '8 A.M.U.

- EXCITATICN ENERGY = 2,90 ' (MEV) . EXCITATION ENERGY = 2,90 ~ (MEV)
svnnevnxc ANGLE = 41 DEG. S SYMMETRIC ANGLE = 42 -DEG.
T3 STGMA . _STAT, ERROR 13 - SIGMA * ' ~ S§TAT, ERROR
(MEV)  (MB/((SRIN®2#MEV) - IﬂB/(lS?)*'ZtﬂEV) “(MEV) -cna/((su)ttzvueva : (-s/ttfnn-tzaMEV)
25.74 . «C175 +00%0 . 25474 T .02C9 «0032
29.02 - .C3¢5 - 20073 29.02. . L6389 - . L0042 - .
- 32,30 - .C364 : +007A . 32,30 < ,c461 CU L 00eT - e
© 35,58 . ...eC437 «0080 . . ‘35,58 +C3¢4 L 20042 : S
38.86 _ 00423 - «0079 . - 38,86 «C412 . - L0045
42,14 «0206 L <0067 - 42.14 - ,Cc4C8 P «0045
45,42 . +0219 : «005 . 45,42 ©eC261 . . - L0038
© 48,70 « 0408 : © 40077 - .0 48470 - . ,0251 : «0028
51.98 « €467 .. <0082 - . 51.98 .. ,C269 ' 0 0C42
, 55.26 .€C219 .e0056 . 55,26 20296 .- .0038
' $8.54 - L,0121 <0044 o 58456 . 0044 S L0015

-861-

- RECOIL MASS = 8 A.M.U.
EXCITATICN ENERGY = 2,90 (MEV)
'SYMMETRIC ANGLE = 47 DEG.
T3.. . SIGMA - . STAT. ERROR

- {MEV) (nalttsn)**ztnev) (MB/ (SR ) %% 2#MEV)
25,74 .C180 ‘ L0022
29.02 .C252 . .0026
32.30 <0267 - .0027
15.58 . .C167 3 .0021
38.86 - .C1%3 +0020
42.14 L .0212 <0024
45.42 .0225 +0024
48.70 .C238 <0025
51.98 «€220 : <0024
55.26 .C286 .0028
58,54 .0016 : " 40007



e

T3
{MEV)

- 25.88
S 29.16

32,44
35,72

39,00
42.28
45,56

48.84
52.12

‘55,40

58.68
61.96

RECOIL MASS & 12

- EXCITATICN ENERGY =

SYMMETRIC ANGLE =

cXGMA
|NE/((SP'**2*MEV’

«C387
«1010

o 11585

«C8E6

e 1660
-« 1840

- 81516

«1185
«C764
00541,’

« Clé4
0. -

S RECOIL MASS = 12

Q'ExchArvnu ENERGY =

T3

{NEV) -

25 .88

T 29.16 .
L 32,44
‘35.72

39,00
42.28

52.12
55.40
58.68

SYPMETRIF ANGLE s

. SIGWA
AMB/ {{SR)4#2%MEV)

oo .c-‘éq
« 0785
«(589
«C867
«0G28

. «1Q28
«CG%3
«C617
«0505
«0140

o.r {MEV}
19 DEG.

STAT. ERROR-

(Ms/(csq»ttZtﬂévn

. 0180
+0300
«0300

.0260 . .. ,
42.28

«0350 . .

" +0400
+«0310
+0360
+0230

. 00270
+0160

. ‘00 -

AM.U.
0. (NEV)

25 DEG.

STAT, FRROR
(MB/((SR'*‘Z‘"EV'
0140 -

«03200 -

" «ClG60 -
+0220
«0210
+0200
«0220
«0240
«0200
«0170
«0110 -

f29.16
©22e44%

.; T3

(MEV)
25.88

35.72

45,56
48,684

52.12

55.40

£8.68

T3

(MEV)

21420

24436
27.53
30469
33.85
37.02
40,18
43.34
46.%0
49,67
52.83
55.59
§9,16

RECOIL MASS = 12 A:M.U.

EXCITATION ENERGY =

.. SYMMETRIC ANGLE =

_ : ‘SIGMA o
(MB/((SRD**Z*MEV!

' +CE15
00402
«C£90
«CE17
«0373
«0575
«0402
(0431

0373
«0230

RECHIL MASS = 12
EXC!!ATION FNERGV =

SYMMETR!C ANGLE}‘_

SICMA
(MB/((SD)**Z'NFV’
«CLE1
C 0
2« 0671
«1C€28
+0SE9
«1178
«1162
.10C0
«06%8
«(288
.0110
«0014

“0s’  (MEV) . -
.'22 DEG.JJ o

"STAT, ERROR -
(ne/((sa»t*ztnevn

S .0180

+0180
«0180
«0150 -
I «0200
.. «Q170
.0150
«0160-
#+0130
0110 -

AuMoU.
0.  (MEV)

28 DEG.

STAT. ERRECR
("BI(ISPD**Z*NEV)

« 0C45

O
« 0073
«CCG6
«0119
«0115
+ 0127
«0128
«0117
« 0095
« 0063
«0039
« 0014

-667-

-

Lt



T3’
(MEV)
21.20
24,436

"2T.%3
20.69
37.02
40.18
43.34
46,50
49.67

52,83
55.59

59.16

T3
(MEV)
21.20
24426
27.53
30.69
33.85
37.02
40.18

43.34

46.50
49.67
52.83
55.99

RECOIL MASS s 12 AJM,1,

EXCITATICN ENFRCY =

SYMMETRIC ANGLE =

STGMA
(MB/{(SR)*%2%MEY)

«0219
«0240
. C428
«C356
< C£59
. el210
<1628

.1889
+ 1596
.1189

.0720 -
"« 0€36
«C073

RECAIL MASS = 12
EXCITATIGN ENERGY =
SYMMETRIC ANGLE =

-SIGMA
(MB/((SR)*‘Z*NEV)

«0222

« 0146
«01¢6
«0215

« 0400
«C527
«C683
«C683
«C547
«C263
«0205 -
+C185

0 (MEV)
35,:0EGQ

STAT. ERROR
(HBI((S“)**Z*MEV!

« 0048

« 0050
«0067
«00€4

"« 0085
-e0112
«0140
«0129 -
«0111
«0087
«0081 -
.qcas

A.H;U.
0. (MEV)
42 DEG.

STAT. ERROR .
(MB/ {(SR)*%2%MEV)
«0056
«0C38 -
«0040
« 0046
40063
0072
«0082
«0082
«0073
«0051
0045
0043

T3

T {MEV) -

21.20

24426

27453
30469
33.85
37.02
40.18
43.34
46.30
49.67

"52.83

55.99

T3
{MEV)

21.20 -

24.36
27.53

20,69 .

33.85

37.02

40,18
43.34

46.50.

49.67
52.83
55.59

RECOIL MASS = - 12 AM.U.

EXCITATICN ENFRGY =

SYMMETRIC ANGLE &

‘fMF/((SP)**Z*MEV)
« 2276
« 0146
3271
«C272
«C586
s «CT774
«1130
«1213
«0711
+C418
.C188
«C272

04 (vEV)

41 DEG..

STAT. FRROR

(ne/((sn)*ﬂztnsv;_

U086
«0055
<0073
+0075
J0111
.0127
.01%4
<0159
+0122
+009
.0063
.0075

RECOIL MASS = 12 A.M.U,

EXCITATION ENERGY =
SYMMETRIC ANGLE =

SIGMA
: (Me/((scbttZ*rEV)
: «0205
«0CS7
0010
. C020 -
.0088
.01G7
01885
«0253
« 0057
.CC58
.0078
. 0166

T0e . (MEV)

47 DEG.

"STAT, ERROR

(NBI((SQ)**Z*MEV)_

« 0045
«0031-
«0010 .
«0Cls.
«J029
«0032
« 0044
«0050
«903]1
+«0C2¢4
«0028
« 0040

-00Z -



T3

(MEV) -

25.88

29.16.
32,44

35.72

39,00

42.28

45.56 -

48.84
52.12

'$5.40

T3 .
(MEV).

- 25.88.
29.16

32.44%

C35.72
39.00

42.28

" 45,56
48,84
. 52412

55.40

RECOIL MASS = ‘12 A.M.U.

EXCITATIGN ENERGY =

SYMME TRIC ANGLE =

SIGMA
(MBS (SRIx=24MEY)
«C283 -
« 0902
. «C650
« 1155
«C5C2
«0722 .
oC108
«08¢€6
« 04¢€9
-+0180

4044 (MEV)
19 DEG.
STAT. FRROR:

(Me/((sznttztnev»*

«0150
«0300
«0220
«0300
«03C0
« 0240
«0210
-+0260
«0250
«0170

" RECOIL MASS = 12 A.MJUs

*ExleAerN ENERGY =

SYM!FYer ANGLE =

SIGMA
(MB/((SR)**Z*MEVI
« 03209
«0841
«C785
«0%€l
«1028
«0701
«0533
- +0B841
«C5C5
«0112

 4adb (MEV)
25 DEG.

.STAT. ERROR

(NB/((SR)**Z*HEV)‘

+0130
«0200
«0200
0180
« 0240
«0180
«0200
«0210
«0200
«0090

T2

(MEV)
: 25.88
: 29.16 -

- 32.44
35,72
7 39.00
< 42.28

’ -'45Q56 N
- 52412

T2

(MEV)

21.20
24 .36
27.53
20.69
33.83
37.02
40.18

43.34

46.50

52.83

RECOIL MASS = 1

EXCITATICN ENERGY =
SYMMETRIC ANGLE =.

SIGMA -
AMB/Z{{SRI®®IEMEY).
«Ct22
+C517
«057%
«C546
«C287 7
0 G245
« 0747
«C681
«1222
0.

RECOIL MASS =

2 A.".U,l .
C4e%h  (MEV)
22 DEG. N
"STAT., ERROR *
(MBI((SP)*‘Z*MEVl
<0170
<0180 .
. <0190
© L0130
<0170
<0200
.0190

. <0260
- fOo .

127 AM.U,

EXCITATICN ENERGY = 4,44 (MEV)

"SYMMEYRIC ANGLE = 28 DEG.

clGMA
(ME/((SP)**Z*MEV
«C370
«C438
«CE21
.C4728
«C5€2
«C575
«C&20
«C479
«C453
«0284
« 0260

STAT. ERROR °

y (MB/((S")*‘Z*MEV)

<0071
0078
«00r%
+0C78
0088
«0019
«CCS3
»0081
0082
«0073
- «0060

[N

-IOZ-

£
% £



[
| il |

T3

" AMEV)

21.20
24.36
27.53
30.69
33.85
37.02
40.18

. 43.34

46.50
49.67

©52.83

T3
(MEV)
21,20
24.36

" 2T .53

30.69

33.85°

37.02
40.18
43,36
46.50
49,67
52.83

RECOIL MASS = 12 A.M.U.

EXQITAT[CN ENERGY =

SYMMETRIC ANGLE .=

. SIGMA

{MB/((SR)*#20MEY)
+C470
<0261
40355
.0220
.C261
.C282
«0209
«0240
<0292
+0250
.0324

RECOIL MASS = 12

EXCITATIGN ENERGY =
SYMMETRIC ANGLE =

STIGMA
(MB/((SP)*‘Z‘HEV)

.0127
-« 0137
«C049
0117
.0117
.0215
.€CS8
« 0068
.0098
.0078.
~.0c8s

444 (MEV)
35 DEG.‘

STAT. FRROR -
‘"B/((Sﬁ"‘Z‘HEVI
«0070
0082
. .0061
',00049
.0052
‘000354
<0047
« 0050 .
«0055 .
«0051.
<0058

AM.U.

4.44  (MEV)

42 DEG. .

STAT. ERROR .
(HBI((SQ)**Z*HEV’
«+0035
0037
«0022
0034
+0034
0046
0021
«0026
«0021
" «0028
«0029

T OEMEVYS

30469
. 33.85

T3

24436
27.53

- 37.02

R

40.18

43,34 |

49.67

$2.83 |

- "EXCITATICN ENERGY = 4.44 (MEV)

T2

(MEV)”

21.20
244,36
27.53
30.69
33,85

37.02

40.18
43.34
46.50

" 49.67

52.83

RECOIL ‘MASS =

SYMMETRIC ANGLE

S1GMA

(Me/((s:»t-ztnevn

«Cl46
«CC¢€3
«C126
.C188
«C2320
«CC84

- «C146
+«0146

« 0146

-« 0042

RECCIL MASS =

12 AaMuU.

EXCITATICN ENERGY = 4446 (MEV)

= .91' DEG,

- STAT. ERROR
(ne/('sn»*tztnevt

«00ZC5

«0036

<0051

S L0063

B «0069
«003%

- «0055

20055

T «0030

12 A.MoU.

SYMMETRIC ANGLE = 47 DEG.

DT SIGMA

(MB/((S°’**2*PEV)

«CC88
- CCE8
«CG29
«0020
« 0049
«C068
«C029
«CC49
- «0010
«0029
«0C29

- STAT, ERROR -
(MB/((SR)**Z*MEV) o

«0029

«0026

: «0017

: o «0014
o «0022

«0026

«0020
<0022
.0010
.0017

«0017

-202-"




,r;

(MEV]) - -
21,20

24436
27.53

20,69

33.83
37.02

40,18
43034
46.50
49.67

52,83
55,99

£9.16

T3

(MEV)
21.20

2426
27.53

30.69.'

33.85
37.02
40.18
43.34
46.50
49,67

52.83

55.69
59.16

_ ‘RECOIL.MASS . 20 A.M.U.

ExchATxck ENERGY = 0o  (MEV)
svnnETntc ANGLE = 28 DEG. - _

. STAT. €ERROR

: l‘IGMA ‘ .
(MBZ((SRI%%2%MEY). (HBi((S”l*‘Z*MEV’
.CCB% «0020
. .0cel. - L0020
e 0267 : +» 0035
00265 y 00035
QC422 ) . 00045
* « 0455 _. . « 0046
«0620 ’ .0035 .
50517 ' ! .QOSQ
«CE4E . #0051
T 0341 . «0040
20237 <0034
0033 .0013

.0C05 - . 0005

- RECOIL hASS = 20 AJM.U.

EXCITATIDN FNERGY = 0. (MEV)

SVMMETR!C ANGLE = 41' DEG.

. SIGMA: STAT . FRROR :

(WB/((SP)**Z‘PEV) (MB/((SR)**Z‘MEV)
«01¢8 «JC20
«Cl17 «0018
€059 - 0016
«CC83 : »0Q15
.C192 - 0023
«0414 ‘ «0033
T «0315 «0L29
«0200 : «0023
+CC83 . «0015
«0117 ] «0018
+« 0043 : «0011
«0CC3

-+ 0003

‘T3

(MEV) -
. 21.20

24.36

27.53

20,69
33.85
37.02

40,18 -

43.34

46,50

49.67
§2.83
55.99
£9.16

‘T3
(MEV)

21.20

24 .36
27.53
20.69
33.85
37.02
40.18
43.34
46.50
49.67
52483
£5.99
£9.16

'RECOIL MASS. = 20 AJM.Ue

EXCITATION ENERGY = 'O.. ~ [MEV)

SYMMETRIC ANGLE = 35 DEG.

SIGMA .
CME/((SP)"Z‘NEVl . (Mﬂ/((SQ)**Z‘NEV)
«Cl21 - «0026 -
«C122 20027
«005% .0023
+C166 0030
«C298° «0041
.CE8S +0087
«C828 «0068
«C772 «00¢5
00576 00056
€342 «0043
.C215 +003%
.0072 «0020
« 0005 «0005

RECOIL MASS

STAT, ERROR .

= 20 AWMU,

EXCITATIGN ENERGY . Q.. (MEV).

_SYMMETRIC ANGLE = 47 DEG.

v S16MA
(MB/( (ST )%#24MEV)

- L,0C48
» 00432
.0020
.C0L3
.C013
« 0045

0025

'oCG‘S

«0023
Q.

0015

«C013

0.

STAT. ERRAR
(MB/((SR)**Z*MEV)

.0011 -
«J010..
- U307
.0CC6
.0006
« 0011
.2008
. 0011
«0008

0.
«0006
- 0006

0.

-£02-

.

e



T3
(MFV)
21.20

26,35

27.53

© 30,69

33,85

-, 37.02
40.18

43.%¢

-1 46450

49.67

52483
" 85,99

T1
(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

RFCOIL MASS ®
EXCITATICN ENFRGY =
SYMMETRIC ANGLE =

SIGMA
(HE/((S”l*‘Z‘FEV)
<0019
«CCCYo
_«CCT1
" «0014
.0052
«CC?8
«0014
«CC66 .
~+ 0005
«C038
Qe . . T
.~o0005

20 AJMoU.
1463 . (MEV)

28 DEG.

STA?. ERROR .
‘"B/((SR"‘Z*NEV,
«0009
+ 0007
«0018
«00C8.
« 0016
+0013
«0008
-« 0018,
«Q005 . S
+0013- L
0. . ) e
«0005

RECCTL MASS = 20 A.M.U.

EXCITATI N ENERGY =
'SY"MEVR!C ANGLE =

. SICvA
(MB/( (SR I%%28NMEV)
.0022
40027
.027 -
€008
.CC2&
«CC24
L0021
00322
.cca7
.0013
0043
+6003

1.63 (MEV)

‘41, DEG.

... STAT., ERROR

(MB’((SR)*‘Z‘MEV’
«0C09. -
.0010 .-
«0008
+« 0005
«0008
«0008
+00C8
+0009
«0038
«0006
«0011
«0003

-fa

(MFV)

21,20 : .
24385
27 433
T 30659
33,85
. 37.02 ¢
40.18 -

43.34

46.50
49.47
52.83.
55.99'

T3
{MEV)
21.20

C 24,36 -
21453

30.69

33.85"
37.02 .

40.18
43434
46.50
49.67

52.83 |
55.99.

RECOIL MASS = 20
" EXCITATION ENERGY =

SYMMETRIC ANGLE =

SIGMA
(MF/((SR)*‘Z*PEVD
00123
. 6017
<0005
+C017
0011
.CC17
.0033
+CC33
.C088
. CC50
00585
0.

1.63

AQH.U.

35 DEG.

- §TAT, ERRAR
. (ne/((sn)*tztnev»

«0013
« 0010

«0C05

«0010
«JCO8
« 3610

0013

+0013

.0022 . -

«0017
[\ I

CRECATL MASS. .= 20 AJM.U.

EXCITATIAN .ENERGY = -

"SYMMETRIC ANGLE =

STCMA o
(MF/((<P)**2*NEV)
<0013
«C010
.C013
.0cC8
.0010
+0003
0.
.C018
6010
.0018
.0018
0.

‘1463

47 DEG.

STAT, ERROR
(HB/((ST)‘*Z*MEV!

«UC06
"¢ 00T
« 0006

.+0006 -

«0005

+0003
0.

«0007

»0005

«0007

0007
0.

(MEV)

0018

(MEV)

-%02-



T3,

(MEV) .

21.20

24.36

27.53
30.69
33.85
37.02
40.18

4334

46.50
49.67

. 82,83

55.99

T3
{MEV)
21.20

. 26436

27,53

30469
33.85

37.02
40.18

43,34

46450

49,67
52,83

55499

RECOIL. MASS = 22
EXCITATIGN ENESGY =
SYMMETRIC. ANGLE =

SIGMA
(MB/{ {SRI**20pEY)
«CC8&

. +0130
«0228
.C2178
«C429

. «C307
«04%2.

cse2
«C429 -
«0214
«C152
-.QOCB

RECOTL “ASS = 22
EXCTTATICN FNERGY =

. SYMMETRIC ANGLE =

SIGMA
(ME/((SR)“Z'"EV}

«0lle
«CCB9
«00%5
.CC83
«0220
«C221

- «01€6
«0120

« 0077

« 0058

" «0021

AM. U,

0. . (MEV)

28 DEG.

STAT. ERROR
‘He/((SRD**Z‘HEV)
«002%
<0022
«004%3
« 0046
<0057
« 0048
0089
« 0065
20057
«0049
<0038
00008

AM.U.

0. (MEV)

- 41 DEG-.

STAT. ERROR
"UMB/ LLSR)**24MEV)
.0019
0016
.0015
«0013
.0C16
.0027
.+ 0026
.0023
.0C19
.001%
.0017
.0008

LT3

; (MEV)

21.20

24036

27.53

30.69

33.85
v 37.02

40.18 -
43,36
D 46450

49.67
52.83

T3
(MEV)

24.36

27.53

20.69

- 33.83

37.02
40.18
43.34

46.50

49,67
52.83

RECOIL MASS = °22

EXCITATION ENFRGY =

SYMMETATC ANGLE =

. SIGMA
(MB/((SR)*‘Z*MEV’
.C151
 .01¢68
. COE5
0163
.c204
«C262°
.C541
+C363
+C453
.C317
.0182
«0037

" RECOIL MASS = 22
EXCITATICK ENERGY =
SYMMFT®IC ANGLE =

N SIGMA
(MB/{ (SRI*%24VEV)

.C02%
.0023

0007
.C018
.C013
+0022
+C024
+0020
<0015.
.co18
.C024

AU,
04 (MEV)

3% DEG.

" "STAT. ERROR

(MB/((SR)®&ZEMEV) .

«00290
0028
»0018
«0028
+0036
« 0043
«0050
«0Q053
« 0046
«0039
«0029
+0013

AcM.U,
0. (MEV)
47 OEG.

- 'STAT, ERROR -
(MB/((SQ)**Z‘MEV)
' «0C08

0009
«0004
- «0006 .
«0005 -
«3C07
«J007
«0007
«0006
«0006
«0007

-602-



RECOTL M8SS = 22 AJM.U, | . RECOIL MASS =22 A.M.u.

EXCITATION FNERGY = 1,28 (MEV) . " EXCITATION ENERGY s 1,28 (MEV)
SYMMETRIC ANGLE = 28 O0EG. . < Tt SYMMETEIC ANGLE = 38 oEG.,
T3 SIGMA srnr. FRROR T3 . SIGMA - : . 'STAT. FRROR ‘
AMEV) (MB/((SR)%*2eHEV) (Ma/t(snittzansvt T IMEV) (MP/((SR)**z*ﬂFV) : (HB/((S°)**2*MEVD
21.20 .00 «0C20 21.20 ° «C0%3 : «0021
24,36 .Co21 .. 0015 " 24,36 ‘?, «0C51 o «0016.
30.69 _ 0046 T «UC19 - 30469 $CC42 I 0014
33,85 « €023 : «0013 . ' 33,85 . «00232 ° 0010
37.02 «00%4 : «0020 37,02 - s CC37 R « 0013 ‘
40.18 . .C031 _ .e0015 .- 40,18 : «COEl S $0C17 T -
43,34 _ 0069 - %0023 - 43,34 . C079 . L0019 < - s
: 46450 .CC38 Ce0017 L 46.50 +C070 SR 0018 - T :
49,67 T .00646 i _e0019 . .. 49,67 «CCE6 o 20016 " - '
52.83 « 0028 . : «0017 52483 ,0023 s0010 7T &
N . c\
. 7
RECNIL MASS = 22 A.M Ue R L RECOIL MASS = 22 A.M.U. -
EXCITATICN ENERGY = 1.28 (HEVD'~ © ... EXCITATION ENERGY = 1.28 (MEV)
SYMMETRIC ANGLE = 41 DEG. : oo " SYMMETRIC ANGLE = 47 DEG.
T2 . SIGMA ' - . 8TAT. ERROR" - T3 - SIGMA & . - - STAYT.+ ERROR
S (MEV) (MB/ ( (SR)*#%28NEV) (ne/l(swbttztnevy {MFV) (MB/(ISRI**2%NEV) - (NB/((S“)**thEv)
21.20° - .C0Z1 .0CC8 21.20 . . «0037 _ +0CC9
24.36 . .C026 - : 0609 _ 24.26 .0022 : 'x‘ .0CCT
27.53 <0024 .0C09 - 27.53 .0028 - . o « 0008
30.69 .0018 ' »0008 RN 20.69 . «C013 - - «0GCS
23,85 <0046 7 .+0012 33.85 - «CC09 . : . «0004%-
37.02 L0021 .0CCH - 27.02 S .co11 Lo +0C05 -
40.18 <0021 " +0010 - 40.18 - «0022 . «000Q7
43.34 T L0015 «0C07 T 43,3 .0021 o .JCC8
46,50 L0012 «0006 46.50 . 0. ' T 0.

52.83 © T +0043 «0011 : 52.83 - e0022 “e0CCT



T3
(nevr
21.20
244,36

27453
30469

23.85

37.02
40.18.

43,34
46,50

49.67 .

52.83
55.99

73

(MEV)

£l.20
24.36

. 2753

30.69
22,85
37.02
40.18

T 43,34
- 45,50

49.67
52.83
55.99
£9.16

RECITL MASS = 24

EXCITATICN~ENFRGY =

SYMMETRIC ANGLE =

+00C4

“AeM. U,

0. (MEV)
28 DEG.

STAT. ERROR

SICPA.
“{MB/( (SR)*M22MEV) (HB/((S”'**Z*HEV)
«CCE7 «0018
- «COST. «0018
«Cl143 «0029
«C2¢2 «0039
«C3¢1 «0043
+C228 «0044
. +0453 «0031
+C244 - <0044
«C2122 « 0044
.c218 .0C35
«0C06 «0004
RECGIL MASS = 24 A.M.U, ,
EXCITATION ENERGY = @, (MEV)
~- SYMMETRIC ANGLE = 41 DEG,
STCMA - STAT, FERROR -
(MB/((SR)**Z‘PEV) (MB/{(SR)*®24MEV)
«C114 0021
« 0060 «0019
.CCE9 -« Q015
<0063 - «0016
. e+Q102 . +GC20
.+0222 +0030
.C188 0027
«01€8 «0027
.Cllo «0021
"+ 0064 «0019
«CC67 «0016
« 0004

T3
(MEV)
21.20

24.36 .

27.53
20,49
33,85
37.02
40.18
43.34
46450

49.67. -

52.83
55.99

‘T3
(MEV)
21,20

C 26436

¢

27.53

30.69

33.85
37.02
40.18

43,34

46.50
49.67

52.83

55.99
59.16

RECOIL M&SS = 2~'

EXCITATIGN ENFRGY =

"SYMMFTRIC ANGLE =

et . SIGMA .
(ME/((SR)**Z'MEV)
o ClE7
+0143
«CC76
«01l15
-aC166
«0262
«C432
¢ C405
«C279
«0222
«Cl74
«CC27

RECOTL
EXCITATICN ENFRGY =

SYMMETRIC ANGLE =

SIGMA

(MB/( (SR)*#*2#NEV)

« 0027
«C024
+ 3005
«5021
0.
© «C046
+ 0048
«C029
«0013
«C035
«.0019
0.
-.0003

MASS = 24

A MU,
0. (MEV) ..
a5 DEG,

STAT. ERROR

~ (MB/([SR)*x2¥MEV)

«CC29
0025
<0018
0023
«0030 . -
0042
« 0044
«0043
«0032
_+0C28
«0011

.'A.MOU.
0w (MEV)
47 DEG.

STAT. ERRNR
C(MB/L(SP)x%28MEY)
«JCC9
« 0004
«QucCs
0.
«0011
.0011
«0CQO9
<0006
«0010
<0007
0.
«0003

-L02-
£

Loy
s
[



RECOIL MASS = 24 A.M.U. RECATL MASS = 24° A.M.U.

EXCITATION ENERGY = 1,37  (MEV) ( EXCITATION ENERGY. = 1.37 (MEVI
'SYMMETRIC ANGLE = 28 DEG. SYMMETRIC ANGLE = 35 DEG.

STAT, ERROR - T3 - SIGMA STAT. ERROR

T3 " . SIGMA : : _
{MEVI (nn/«(sn'**ztrev» (MBZLISR)*320MEY) . (MEV) (ue/(ecnn-*ztreva (na/((saa~tzmneva ”
21.20 .0C80 0021 21.20 - . C0¢2 .0017

C 26 4%A © .00€2 «0C19 26436 . . 0021 0012
27.53 . 086 #0022 27.53 «C03% 20013
20,49 «C090 0021 30.69 . CC4S <0014

© 33,85 .C057 .0018 . 33.8% .0013 . «90CA
37.02 '.0051. - 20017 "37.02 +CCBO- .;0019
40.18. 20063 .0019 40.18 « 0049 0015

N 43034 .CCﬂo : .0021 43.3‘ . .0023 _.0015

46450 «0115 40026 .- 46450 .C0¢%3 - ,0016
49,67 . 00€9 Q020 .ii 149,67 «0049 .001°%

- 52.83 <0046 20016 . . - 52,83 «0049 T L0015

RFCOIL MASS s 26  A.M.U. L RECOIL MASS = 24 - AJM.U,

éxciwavxcu ENERGY = 1.37 (MEV) EXCTTATICN ENERGY = '1.37 " (MEV)
" SYMMETRIC ANGLE = 41 DEG.. | SYMMETRIC ANGLE = * 47 DEG.

T3 .. sicMA STAT. ERROR . .. T3 - SIGHA

<802~

“STAT, ERRCR -

©(MEV) (*EI((SR)**Z'"EV) (MB/((S?)**Z#MEVD (MEV) (MBI((‘G)**Z*NEV) (MB/((SRI*‘Z#MEV)
20 001 +0014 21.20 - «C0c8 J0005 .
T.24436 <0020 «0C09. 24436 - eCOCS +0004
27453 « 0039 «0012 o 27453 0, 0. o

30.69 «0025 «0012 . 30.69 «CO0% '0004

33.83 T €020 «0C09 33,85 04 0.

37.02 -+0004 20004 37.02 +0011 +0005

40.18 - +C004 »0004 ~40.18 ... + 0024 .0008
© 43,34 0. 0. . ‘ "43.34 «001¢ +00CT

46450 0. 0. 46,50 ~.C€002 .0003

49,67 200139 «0012 49.67 +0013 .0006

52.83 .C059 .001% " 52.83 .CCC8 «0005"

55.99 -.0004 «0004 ' -



T3.
(MEV}
2% .74
29.02
32.30

35.58°

33.86
42414

45.42
48.70

 S1.98

55.26

58.54
€1.82

T3
(MEV)
25.74
29.02

© 32430
35,58
38.86
42.14
45,42
48,70
51.98
55.26
58.54

RECOIL MASS » 26

EXCITATIGN ENERGY =
 SYMMETSIC ANGLE =

T RTCMA

(MB/{(SF)=®28WEY )

« 0043
«0221
«C22°
_«0120
«C182
. C1CT
- «C182
.+ CCE4
«0043
«C032
‘0.

A.M,U,
0. _{MEV)

STAT. ERROR
(MBI((SF)**Z*MEVl
) «0021

«00%9
_00049 ’
« 0040 .
«0C44
«0050 -
+0C34 -
20044
«0026
«0021
«0C19

0. =

RFCOIL MASS = 26 A.M.U.

EXCTITAT ICN ENERGY =

SYMMETRIC ANGLE =

RIGMA

(MB/U(SPI*#2¢NEV) -

+CC1%
T eCCT0
« 0023
«C179
«C171
«C117
«C1%4
«C047
«CC47
+0029
Q.

0.  (MEV)
"STAT\ ERROR
(NB/((SQ)*‘Z‘HEV,
.0011
«0023
«0013
«0037
«0037
«0030
«0039
«0019.
0019
«0017
0.

T3

(MEV) - :

25.74
29,02
32.30

35.78

38.86

45.42 .
48,70 -

51.98

55426 - ..

58454

" 61.82.

T3
(MEV)

i 25474
F.29.02

132430
1.35,58

38.46

42414

48,70
51.98

58.54

IRECOTL.MASS = 26 A.M.U..

EXCITATICN ENERGY =
 SYMMETRIC ANGLE =

. STGMA - .
(MB/((‘”)**Z*MEV’
«C027
«Cl¢8
«02C2
«02¢5
- +C283
.02z4 .
«C178
«0081
+00S5
«0013
0.

04 (MEV)

35 DEG. -

-~ STAT. ERRNMR .
(MB/((SQ)**Z*MEV)
«0019 .
«004%
0047
"e0052
_+ 0070

0062 -

«00¢6 .

. 00049'
- «0033
. «0036

’ -0013

0.

RECIIL MASS = 26 A.M.U.

EXCITATICN ENERGY =
T SYMMETRIC ANGLE =

. SIGMA - -
(ne/(«enxt*z*nevt
0069
0026
«C024
0017
0034
«CC68
0017
0017
.0017.
 .C009
0.

”0._ AMEV)

47 DEG.

. STAT. ERROR
(MB/((SRD**Z#MEV’
.0C09
L0015
.0017
0012
.0017
«0024
0012
«0012
+0012
+0C09
0. :

602~



e

- T3
(MEV)

25.74
29.02
32.30
35.58

" 38.86
42,14

45442

48,70

S1.98
55.26

58.54

T3

(MEV)

2574
29.02
32.30
35.58
38.86

42414
45,42
43.70

51.98
55.26
58.54

RECOTL MASS =

EXCITATION ENERGY = 1,81 (MEV)

26 AJM.U.

SYMMETRIC ANGLE = 28 DEG.

c1cMA

(Me/((snvatztvsvn‘

+0011
«C0E4
-.+0C54
0. :
«0021
.« CCB6°
-« C0C4 -
+ 0086
.C075
" «C0S54
O. L

RECOIL MASS =

EXCITATICN ENEFGY = 1,81 (MEV)

STAT. ERROR - -
(HB/((SR)‘*2#HEV)

«0011.
«0026
"6 002%
(' PR
«0013
© «00122
<0026
-~ +0030
+0028

$0026 . .

"~ 0.

26 AWMU,

SYMMETRIC ANGLE = 41 DEG.

SIGMA

IMB/((SR)**24MEY)

«C021
0021
«.0023
«CCé&2
0016
-«0023
«C039
« 0023
0. -

 STAT. ERRQR -
(MB/( (SR 45 24MEV)

0.
«0016
«0016
«0013
~«0016
«0022

. «0011

'p0013
«0017
«0013

0. '

T3

“(MEV)
25,74 -
29.02.

32.30
35.58

38.86 -
42414

45,42
48.70

" 51.98
SRR 55i26 .
gl E 58.54

RECOIL MASS =

26' AIM.lJ. . R .‘ -"‘:’.

EXCITATION ENERGY = -~ 1.81  (MEV)

. SYMMETRIC ANGLE = 35 pegg,

‘SrAf. ERROR

- SIGMA . . e
.c013 40013 e
20013 40013 f- b
- 0013 w0013 0t .

_«CC68 0010 :
~+0040 LT .0023
.0027 LR ‘0019. ; - . ':f
» 068 ~ . s0030 o Y
«0040 . .0023 o _ fﬁ;
« 0040 «0023
« G040 .0023 T . -
0. ' 0 | - 7 L

-0¥2-

o



‘T3

(MEV)

. 25.T4

29.02

22.30
33,789

. 38.86 -
_62.14
45.‘2 

48,70

51.98

£%.26

58.54

61.82

 65.10

T3
(MEV)

25.74

29.02

32.30

38.86

42.14 .
45,42

48.70
51.98
£5.2%

58.56

61.82

RECNIL MASS = 36

EXCITATION ENERGY =
SYMMETRIC ANGLE =

SICMA
. AMB/{(SR)*%2%PEV)
«0009
«C1CO
«0lé6
«C199
«C242
«C218
0128
<0157
«CCé6
«CC42
«0023
«CCC5
. « 0008

Ao"aUp
0. ~ (MEV)
28 DEG.

STAT, ERROR

: (NBI((SRD**Z‘MEV)

«0CCT
«U022
«0028
«0C31
«0034
«0032
«0025
«0027 .
+0018
«0014
<0013
.0C05
«0C05

RECOIL MASS = 36 A.M.U.

EXCITATIAN ENERGY =

SYMMETRIC ANGLE =

STGMA
. AMB/ USRI *%2%MEV)
0. -
«CC38
-«0026
«C0S3
« 0067
«CCE4
.0157
.CC51

0. . {MEV) .

.42 DEG.

STAT. ERRAR
(MR/ L{SR)**24MEV)
0.
.0011°
.0C09
.0017
0015
<0014
<0022
0013
0.
.0cc8
0.
0.

T3
(MEV)}
25.74
29.02
22.30

35.58 -

42.14
45,42
48.70

51.98
55,26

58.5¢
61.82
- 65.10

- -EXCITATION ENERGY =

T3
(MEV)
235.74
£9.02
22.30
35.58
28.86

'>‘2014
45.42

43.70
51.58
£5.26
58.54
61,82

RECOIL MASS = 3% A.M.U.

~EXCITATION ENERGY =
SYMMETRIC ANGLE =

STCYA s
(MB/ (SR} #*24NEV)
' «C02) | 4
+0109
" C179
+€328
<0223
<0263
«C1e9
$CCB&
.00%0
«C025
+C035
€020
0005

RECOIL MASS = 16

SYMME TRIC ANGLE

SICM2
(MB/((SR’**Z*MEV)
«C0OC3
+0CG9
O.
+ 0006
«C0Co
+C009
«0012
+JG09
«GCC2
0.
«C0Cé6
«0003

0. (MEV)
32 DEG.

. 'STAT, ERROR
(NB/((SR)‘*Z'HEV’
" #0010
0023

11  .0030

«0040
) 00034
«00326.
« 0029
«0020
+ 0016
<0013
.0013
" «0010
«0005

AM.U,

0. (MEV).

47 DEG.

. STAT. ERROR -
(NB/((SR)**Z*MEV)
+0C03
- «0005%
0.
«0CC4
«0CC4
«0005
«0006
«0005
«0CC3
Q.
«0004
«0003

i 2 X4



Lgannll

o

T’v
(MEV)
25.74
29.02

132,30

315.58
38.86
“2.14

45.42.

48.70
51.98

£5.26

58.54

61.82

T3
(MEV)
25.74
29.02
32.30

.35.58

38.86
42.14
45442
48,70
£1.98
£5.26
58.54

 61.82

RECOTL MASS = 36
EXCITATIFN ENERGY z
SYMMETRIC AMGLE =

CSTGME
(HB/((CQ)**Z‘NEV’
«C029
«0100
-010“‘
40123
«Cllé
«Cl28
«01EF2
«0142
«C147
.C1c0
«CC47
Qe .

_RECOIL MASS = 36

EXCITATICN ENERGY =

‘SYMME?nxc ANGLE =

QIGWA
(NB/((SR)**Z*PEV’
+0C29
0.
«CCls
«0028
«C048
«COE7
«CC35
.0029
«C0122 -
+0026
« 0035
«0006

AM.U.
1,97  (MEV)
28 DEG

STAT, ERROR
(MB/((S”)**Z*NEVD
«0C12
«0022
yOOZZ
+0C2¢
«0023
«0025
<0027
«0026
«0026 - -
“e0022
.0015
0. -

AM.U,

1,97 " (MEV)

42 DEG.

STAT. ERROR
(MB/((SR)**Z*MEV)

«0010

‘0.
«J007
«0011
«0012
«0015
«Q011.
<0010
«0010
+0009
+0011
«0C05

T3
(MEV)
26 .74
29.02
32430

35.58
- 384854

42.14
435,42
48.70
51.58
€5.26
58.54

T3
(MEV)

25.76

£9.02
32.30
35.58

- 38,896
2,14

45.42
‘8.70
51.58
55426
£8.54
61.82

RECOTL MASS = 36 A.MoUs

EXCITATION ENERGY = 1,97 - (MEV)

SYMMETRIC ANGLE = 122 DEG,

SICMA 7 §TAT. FRROR

(MB/((SR'*'Z*VEV, (MB/((SR’*‘Z‘HEV’

. C0€0 L0617
« 0124 ) o «0025
«0126 e «0025 -
«CCE4 ST «0020
«CCS4 ° ) T e0622
+0114 T "';Q. 00026
.CC70 .. 27 Loc19
. 00¢5 ST 0018

T 4CC84 S «0C20
.cC89 Y L0021
. CCS9 <t L0022

izpzf

RECATIL MASS = 36 A.M.1),

'EXCUTATIAN ENERGY = 1;97 C(MEV)

SYMMETPIC ANGlE = 47 DEG.

: StCMA _ " STAT, ERROR
TAMB/ (SN ) k2%MEY) - (MB/((S“)**Z'MEV)
’ ‘0’0 . 0e
.CCCE o - #0004
.C003 A Lol ok
+C0Cs . " L0004
0006 S <0004
.COIZ . o f «000%
+0003 : +0CC3
.3C03 IR .00C3
.3CC9 o «0C0S -
.0012 S 0006
.0006 Co «000% .
0. ; . 0. ’ - "
N\ :
« ¥



T3

(MEV)
21420

(24436 .
27.53
30,69 .-

33.85
37.02

40.18 -

43.34
46.50
49.67
52.83
55.99

5916

RECTIL MASS = &0 AsMeU.

EXCUITATION ENERGY = 0.

SYMMETRIC ANGLE = = 28

SIGMA

IMB/{ (S )H*24N

«0U18
« 0024
«Cl102
L0118
«0212
T e C26T
«C226
« 0244
«0259
20134
«00329°
-.0008

EV)

(MB/({SRI*X2#MEV)

‘T3

C(MEV)

21.20
24 .36
27.53
30.69
23.85
37.02
40.18
43.34%
46.50
49.67
52.83
55.99

(MEV)
DEG.
STAT . ERRDR

$0011
«0014
.0028
.0C30
<0039
.0041
<0046
.0043
« 0044
+0045
«0022
.0018
.0008

. RECOIL MASS =
EXCITAT IGN ENERGY

SYMMETFRIC ANGLE

 RECOIL MASS = 40 A.M.U.

EXCITATION ENERGY =

 SYMMETRIC ANGLE =

i. SICMA

(MB/( (SR)**2%MEV)

"+ C0C9
»C0C3
Q.
«C0C9
0.
.0009
«0003
«0017
0.

0006

«C017
«0006

STAT. ERRNR-

.0005
.0003
0. _
.0005%
0.

.000%
.0003
+0CC7
0.

«0007
«0004

0006

C AMB/ ((SR)*x%24MEV)

40

"

AcMoUs

0. (MEV)
42 DEG.

STAT. ERROR’ ]
{MB/({SUxe2%MEY)
0011 S

L «0010

T3 - SIGMA -
(MEV) . (MB/{ (SR)*%2#MEV)
21.20 . © .C023
24436 «CC29
27.53 .C025
30.69. <0018
33,85 4C023 -

27,02 «C047
40,18 .CC88
43.34 +COES
46.50 +C033
49.67 <0015
52,83 +C029
55.69 .0025
£9.16 0.

0.  (MEV)
47 DEG.

«0010"
+J0C8
«0011
.0013 -
+0018
«0014
<0011
«0007
+0010
+0010
0.

-€v2-



&<

T3
(MEV)

29,02
32,30
as5,.s8
38.86
42,14
45,42
48.70

. 51.98

%5526
58,54
6l.82
65.10
68.38

RECOIL MASS = &
EXCITATICN ENCRGY =
SYMMETRIC ANGLE =

SIGMA .
(ME/((SR’*‘Z‘VGV)
«0025
« C047
«0C83
+ 0124
. +0199
«C169
«014%
«CCT6
«C0€9
«CC29
. 0018
0036
<0011
0, . =

2 AM.U.

0.

28

{MEV) .

DEG.

STAT. ERROR

(MS/((SR!**Z*MEV’

«0010
+ 0012

0017

. 0022
0027
. 0027
40023

.. 35,88

«0017 . -

«0016

«CClO
0008
001}
«0006

B

‘T2
(MEV)
25.74

29.02.

22.30
35.58
38.86
42.14

45,42

48,70
£l.98
£5.26
58.54
61.82

65.10"

L €5,26
58.54.
61482

€510

. T3
- AMEV)

25.74

29.02 .

32.30
38.86

42414
L 45,62
" 48470

51.98

RECOIL MASS = &2

SYMMETRIC ANGLE =

SIGMA

"EXCITATICN ENERGY =

(MB/({ [SR)I*%2%MEV)

- #0629 .

«0G21
«0C29

« 024
«C022
«C070
+CG39
.C013
«0C29
«C029
«0G29

«0019
0005 -

. RECTIIL 4ASS =

EXCITATICN ENERGY = .04  (MEV)

62 ‘-QMQ‘UQ- '

. SYMMETRIC. ANGLE = 35 'bEG.

SIGMA

. (MB/ L {SR)%R2%MEY)

.00:3
«C072
« 0045
LY
.C1392
«C240
«C226
. oCleB
.0C82
«C043
.CCS1
+0051
.0017

AM.U.
0.  (MEV)
43 DEG.

STAT, ERROR
(MBI((SQ)**Z*MEV)
.0008
.0CC9
.0009 ,
.0008 .
.0010 -
«0014
.0013
+0006
0009
.0009
«0CC9
-+0007
+0004

«0011
«0015
«0012

+0018,

«0025
«0029
+0029

20024
<0017’

0012
+0013

«0013.

0008

STAT, ERRAR
(MB/((S”)**Z*MEV)

“$12- .



&

)

(MEV).
- 25.74

29,02
32.20
35,58

38.86.

42.14
Se42

48,70
51.98

€5.26
$8.54

61 .82

“RECOIL MASS =

EXCITATICN ENERGY =

SIGMA

(MB/{(SR)**24NMEY) -

«C022
0014
« 0022
<0023
« 043
. 0026
« 043
<0029
«C029
« 0047
«C0C4%
. +0004

€2 A

- 13

(MEV)
25.74
29,02
32 '30
15.58
38.86
42.14
45.42
48.70
51.98
£5.26
58,54
61.82
65.10

MoU,
1.17  (MEV)
SYMMETRIC ANGLE = 28

DEG.
STAT,: FRROR

(HB/((QR)**Z*MEV)’

«0C09
«0C07
+«3CQ9
«0011
«0012
«0011
«0010
«0010
«0C13
«0C04
« 2004

" RECMIL MASS =

EXCXTATION ENERGY =

SYMMETRIC ANGLE =

SIGMA

(MB/((SR)*%2%MEV)

.0008
.0013
“«0016
«CC03
.0003
0.
«0013
0.
«0011
« 0005
. 0005
_ +0011
0.

RECOIL MASS =

EXCITATICN ENERGY = 1.17 (MEV)

62 AM.UL

SYMMETRIC ANGLE = 35 DEG,

43 DEG.

STAT. ERROR
(MB/( (SR )%623MEV)
.0CQs
+0C06
+0007
.0C03 .
.3C03
0.
+0C06
-0
+0CC5
<0004
<0004
0005
0.

«06C8 . -

T _ STGMA :
(MFV) '(NB/((57|*‘2‘MEV’
25.74 e COl4 B «GCCT
29402 - .«0310 «0006
22.30 «CC71 -+ 0008
" 35,58 «0017 «JC018
. 38.85 «0024 - . -+ 0C11
43,42 «002Y «00C8
©8.70 « 0017
£l1.68 «CGCT «0C05
€5426 0. 0.
£8.54 «C014 «0C07
6l.82 . «0021 «0C08
65.10 - O. 0. .
62 AJM.U.
lol7 ("EV)

. STAT. EPROR’
(MB/({SR)*#2%MEY)

o

=q1Z-

N2

S
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Appendix V. This appendixvgiv_és‘.‘a summary of the '12C(a. 2a)8Be and -

160(&,2&)12¢ vravsymmetrivlc triple diff_ere_ntial crc’)vs's secti,o_ns. One de-
tector was fixed at 42°_While fﬁhé other alpha. ’d.e't‘ecto.r vaf.iéd_ ahgular
position oﬁ the 'o‘p'po"site' s’id»eqof the beam. Again all quantities are
given in the laborato‘ry frame, >and the triple diffe réntial croéé section |

is given as a function of T3.



Tt
(MEV)
25.74
29.02
32.30
35.58
38.86
“2.14
45.42

48.70 .
51.98
55426

58.54
61.82

. T3

(MEV)

25.T74

29.02
32.30
15.58
42.14
45.42
48.70

£5.26
58.54
61.82

RECIIL MASS = 8

EXCTTATION ENERGY =

ASYMMETRIC ANGLE =

" STGMA
(NB/((QQ"‘Z‘NEV,
«1023
«1829
« 1424
«1286
’,_61063 -
"« (789
«0€61
«0214
«0145
«C113
<0022
0.

RECNIL MASS = 8

'EXCITATIGN ENERGY =

ASYMMETRIC ANGLE =

SIGMA
(MB/((Q?)*‘Z‘MEV'

«G6SS
«0712
« 0940
«C825
«1068
«1244
«1185
«C6C7
«0671
«C274
«0064
O.

AM.Us
0. - {MEV}
25 DEG.

STAT. ERROR"
(MB/((SR)**Z*NEV!
«0CS1
«0121
«0107
«0105
«0CS3
‘e 0080
«0073
«0050
«0034
«0030

.0016

0.

AWMU,
0. - (MEV)
31 DEG.

STAT. ERROR

(MBS ( (SRI*¥24MEV)

0064
. 0065
«0074
«0070
.0080
0085
«0083
0060
«0063
« 0040
«0019
0.

T3
{MEV)
2274 .
29.02

32.30

35,58 .
38.86
42.14 -

45442
48,70

.51.98

55426
58.54
61.82

T2

A MEV)
25.74
29,02

32.30

. 35.5%8

38.86
42.14
45.42
48.70

51.98.

£3.26
58.54
61.82

RECOIL MASS = @

EXCITATION ENERGY =
ASYMMETRIC ANGLE =

SIGMA
(MB/((SR)*‘Z*MEV)
€623
«1C65
o 1411
. «12€0
Ce1424 7
<1321
«1221
«C489
«C&17 -
«C285
0.
0.

RECOTL MASS = 8
EXCITATION ENERGY =
ASYMMETRIC ANGLE =

STGMA
(MB/((SP)*%2%MEV)

«C563
1200
.C818
«CELT
«03¢€9
«C349
.C389
«0526
«C677
<0820
« 0147
«0013

AM.U,

0. {MEV)
28 DEG.

STAT. ERROR
(MB/((SP)®®2%MEV}
.0068
.0088
.0101
.0C99
+0102
+0CS8
+0054
0059
- +0055
<0046
0.
S0 -

AM.U.
0. (MEV)
35  DEG.

"STAT. ERRAR

{MB/ ((SRI**2%MEY)

«0082
« 0090
<0074
«00¢€4
0050
+0C48
.0051
0060
0067
0060
0022
.0009

Lve-

7

s

e

£y -



T3

(MEV)

25.74
29.02
32.30
35,58
38.R6

. 42.14

45.%2

© 48,70
. 51.98

£5.26
58.54

l61.82 .

RECOTL MASS =
EXCITATIGN ENERGY =
ASYMMETRIC ANGLE =

S1GMA
(HB/((SR)**Z*FEV)

«C5E8
«€873
+«C828
+CG48
«C827
«C287
«Cl68
«0110

«C457

+0565
'.0260

T3

(MEV) .

25.74

"8 A.M.U.
0. (MEV})
38 DEG.

STAT. ERROR

0063
+0071
«0070
<0074
«00569
« 0047
20025
«0034
+0059
«0039
«0006

RECOIL MASS =

{MB/ ({SR)*#2%MEV)

RECOTIL MASS =

EXCITATICN ENERGY = 0, (MEV)

"8 AJM.U.

" ASYMMETRIC ANGLE's' 42 DEG.

EXCITATION ENERGY = 0. {MEV)

ASYMMETRIC ANGLE = 47 DEG.

29.02

32.30
- 3%5.38

38.86

- 42414

45,42
48.70

"~ 51498

£5.26
58454
61.82

SIGMA

0082
+C081

<0071
<0114
«C222
03222
«C318
<0185
«C2G4
«00¢€2
+ 0005

STAT. ERROR -

(MB/((SR)**Z*FEV) (NB/((SR)*‘Z*MEV’

.0016
.0020
.0024
.00).8
.0023
0033
0040
0039
0030
.0037
.0017
.0005

T3 SIGMA- .- " STA1. ERROR
(MEV) (MB/((SR)**Z*PEV’ (MB/((SR)**Z‘MEV)
29.02 " (378 « 0043
*32.30 : +C223 «0033
35.58 . «C276 «0037
38.86  © ,Ce26 " «0055

42414 «C810 « 0063
45.42 « 0907 «0066
48.70 N «C2G9 -«00132
51.98 ~ «Cl4] «0026
£5.26 . «C276-. «0037
58.54% i «0223 «0033
6l1.82 «CC34 «0013

- B AM.U.

=812~



-
g

8|

T3
{MEV)
25.74
29,02

132430
35,58

28.86

. 42414

45,42
48.70
51 «98

55426

58.54

T3
{MEV)
2374
29.02
32.20
35.58
38,86
42,14
45.42
48,70

€1.98

55.26
58.54

RECOIL MASS = 8
EXCITATIFN ENERGY =
ASYMMETRIC ANGLE =

STGMA

’(Ma/((sv)*t’trevn-

«C451
«C556
<0435
«C128
+0403
.C187
+0709.
<0709
«0717
. 0218

0.

RECOIL MASS = 8

~EXCITATIGN ENERGY =

CASYMMETRIC ANGLE =

© SIGMA
 AMB/ ((SR)*#2%MEV )
«Ct48
© 40747
«C520
L0215
.C239
«C420
$C€42
.0502
$C747
.0310
+C0Cé

CAdMoU,
2.90 (MEV)
25 DEG.
STAT. ERROR

(MB/ ({SR)*%2&MEV)

<0063
«0069
«0059
«0052
<0057
+0056°
<0076
. 0076
<0076
<0042
0.

A.M.U.
2.90 (MEV).
31 DEG.

STAT. ERROR
(HB/((SR)**Z*MEV’
«0061
+ 0066
«0055
«0043
«0045
«00%50
«0061
«0054
«0066
«0043
«0006

T3
(MEV)

25,74 .-

22.30.
35.58
38.86

42,14

45,42

48,70

51.98

55426

58454

" 6le82

T3
-(MEV)

. 25474

29,02
32.30
35,58
38.86
42.14
45,42
48.70
51.S8
55.26
58.54

RECOIL MASS = 8
EXCITATICN ENERGY- =
ASYMMETRIC ANGLE =

SIGMA
("El((SR)#*Z#MEv)

«CEZ4
«C741
e C446
«C425
e L4729
« 0374
«C461
«0€26
«C74}
« 0266

0.

0. .

" RECOIL MASS = 8
EXCITATION ENERGY =
ASYMMETRIC ANGLE =

STGHMA
(ME/ (S )+ 428 MEV)

$CEST

<1060

.C8c5

.0289

.02¢1

.C288

€376

(0570

«CE70

«0389

+ €020

A.M,U,
2490  (MEV)
28 DEG.
" STAT. ERROR

cue/((snntvz-MEVD'”

.0063
<0073
+0057
«0055
+0C56
«0052
.0058
«0067
.0073 :
w0044 ¢
0.
0.

AM.U.

1 2.90  (MEV)

35 0DEG.

STAT, FRROR
{MB/{ (SR)*%2%MEV)
+00&6
« 0084
«U073
<0051
«0C237
« 0044
+0050
« 0062
-« 0062
+«0051
«Q012

.

g -
L



RECOIL MASS = 8 AJM.U. - : *RECOIL MASS = 8 AJMiU.

EXCITATICN ENERGY = 2,90 _(MEV} . . < EXCITATION: ENERGY = 2,90 (VEV)
~ ASYMMETRIC ANGLE = 38 DFG, - " ASYMMETRIC ANGLE = 42  DEG.
T3 SIgMA ‘ STAT, ERROR T2 SIGMA - STAT. FRROR
{MEV) (MB/UISR}E®2SMEY) - (HB/((SRl**Z‘HEV) (MEV) (MB/{(SRI%#2%MEY) "(MB/((SQlttthEV)
25,74 . s0416 +0C49 T 25.74 .C209 ‘ «0022
29.02 .- .l058 - , «0078 20,02 .C259 - 40042
32420 - «C821 « 0069 32.30 ) 0451 R « 0047
3%.% ’ « 0487 : : « 0054 35,58 : JC2E4 T 40042
. 38485 . ,€439 _ + 0050 L 3B.86 o G412 T 0045,
42014 +C243 . . «0C38 - .t - 42,14 - «04C8 S « 0045
45442 G338 © - © 0045 .. 45.42 .C291 N «0028.
48,70 T «0347 ' « 0045 S #8470 .c2%1 . .. - «00138
S1.58 . «CA45 . «0051 . 51.98 © - «C369 - oo 40042
55.26 .C370 0046 55.26 . .C256 T T ,0038 S
£8.54 T <0023 - «0012 o 58,560 - «0044 <. «0015 . ' S

61.82 «0012 "7 . <0008 .

-07e-

RECOIL MASS = 8 A.M.U. ' R
CEXCITATION ENERGY = 2.90 (MEV) R
" ASYMMETRIC ANGLE = 47 DEG. '

T3 7 SIGMA STAT. ERROR

(HEV) (MB/((SR)*‘Z*MEVl (MBI((S°!**2*NEV)
25.74 +Cl80 «0029
29.02. © .,02046 - .0031
32.30 "« C260 «0041
15,58 .C289 . .0037
42.14 «C275 ' "« 0036
45.42 «C289 «00137 .
48.70 .C237 «0040
51.98 «C4%1 «0046
55.26 .0427 . 0045
58.54 " «C0ES «0018
6l1.82 «0005 «0005



RECQIL MASS « 12

EXCITATICN ENERGY =

T3

'(MEV!,]
2%.74
:32930

35.%8

33.86

42414
45,42 :
43.70

]51.98'
55.26
. V58.54'7
61482 .

13

(MEV)
2':.74 ‘
29.02

. 32430

35,58
38,86

42.16

45,42

48.70

51.98

85,26

€z

58,54
61.82

" ASYMMETRIC ANGLE =

SIGMA " .
(MBI((SR)‘*Z*MEV'
- +CTET .
-e1307
W 1C86
eCB25
T eCeSa
"e 0254 -
«C165
#0025
. .C063 .
_700025'
. «0025
06 . .

RECOIL MASS = 12

EXCTTATION ENERGY =

ASYMMETRIC ANGLE =

. SIGvA -
AMB/ L (SR)**2%MEY)
L €315

p0513

«CET1

«0512

.«CE26

- +0728

«C5¢9
40421

« 0422

We171

«C1€9

«0023

"Mnu.'{.
0e  (MEV)
25 oEG.

STAT. ERROR.-
!HBI((SR'*‘Z‘HEVIv
© 401C0.
“eQ129 -
20116
«CCS4
«0CET
«0046 .
<0018 - -~
«0028
" . <0018
«0018
O. ‘

AM.U,
0. (MEV)
3 oec.

STAT. ERROR.
(HBI((SR)*‘Z*MEV)’
«0065
«0078
" «0087
«0076
«0084
«0091
" «0080
+«0069
«0070
«00464
«0043
«0016

T3
(MEV)
25.74.

29002 °

32.30

3r. 58 |
38086_

42.14
45,42
48,70

51.98 .-
- 554,26
58454 -
. 61.82

T3

(MEV)

25.74
29.02
32.30
35.%8
23.86
42.14

45.42 -

48,70
51.98
53426
58454

161.82

TRECOIL MASS = 12

EXCITATICN ENERGY. = -
ASYMMETRIC-ANGLE =

! SIGvMA .
(MB/((SRl**ZQMEV)

«C46G5

«C809

1014

«C529

0748 -

«C447
«.C193
-+ 0085
« 0163
«0060
.0. B

 RECAIL MASS = 12
EXCITATION ENERGY =
ASYMMETRIC ANGLE =

SIGHMA :
(HB/((SP)**Z*NEV)
«CZ 86
«1C69
+C8s8
«C577
«02%8
« 0162
« 0266
«02£6
«0220
40211
«C028

WCi48 e

AU,
0. (MFV)
28 DEG.

STAT. ERROR

00077
«CCS9
_+0111

(NBI((SQ)**Z*MEV)

" «0106 -

. «C0S5
«CCS5

- 0073
+ 0048
200327

«0C48 -

«0027
0. -

AM.U..

0. (“EV)

35 pEG.

- -¥zz-

“STAT. ERROR C “v“ .
mB/“‘”*‘Z*MEﬂ R

«0073
«01C0

.0CS1 |

«0073

«U048 .

«0042
«JCé4s
«0058
«0045
«0C056
«0044
«0016



RECTIL MASS = 12 A.M.U. o ... . RECOIL MASS = 12 AM.U.
EXCITATICN ENERGY = 0a ° (MEV). .. ..  EXCITATICN ENERGY = 0. (MEV)
Asvnwsrnlc ANGLE = 38 DEG. © ASYMMETRIC ANGLE = 42 DEG. . SRR o
T3 - siGMA - STAT. ERROR T3  S1GMA . STAT. FRROR
(MEV)  (MB/((SRI*#2&MEV) - (MBI((SR)**Z*MEVi (MEV) AMB/([SR) ¥4 24MEV) (Mslt(savttztnsv:
25,74 - .0210 0047 2%.74 . - .0130 .. .0049
29.02. - -.CT12 . 0086 - 29.02 +0111 .o -.0045
32.30 .0828- R «0093. .. . 32.30 . -0304 S 40061
33,58 - e1110° © .. .01cm - . - 35.58 «0270 Lo +0083
38.86 <0576 - L0078 . - 38.86 . . ,C51 - .. ,0103 _
6214 © eCZ€2 . $0052 - o, 42414 L(759 . 0119 - T
45242 : «0136 : 0038 T 45442 - +0241 : oo «0067 .
48,70 «Cl26 o «0038 L., 48.70 <0259 S 40069
51.98 «0272 o .0053 - 51.98 . ' .0130 . +0049
£5.25 +C283 o . «0054 55026 - . - 0092 < 40041
58,5¢ . 40255 o 0061 - . 58.54 .. ,C204 .. +0061"
61.82 $0042 © .0021 . T i6l.82 - - L0111 i <0045

65.10 «0011 . 0011

wrs . . PN N PP

-222--

RECOIL MASS = 12 A.M.Us
- EXCITATION ENERGY = 0. (MEV)
ASYMMETRIC ANGLE = 47 DEG.

T3 ’ SIGMA ' -~ . STAT. ERRAR’

{MEV) © O (MB/((SR)%%2%MEY) (MB/((SR)**Z‘HEV)
25.74 ~+0118. ‘ - 40033
29.02 €100 - L0030
32.30 . .0091 -~ " 0029
35.58 « 0045 . «0020
38,86 "« 8CS55 «0022
42.14 - «C226 « 0046
. 45.42 «0236 . ' « 0046
48,70 : «C236 i -« 0046
51,98 - .Cl82 .0041
58.54 .0118 +0033
61.82 . +C091 : «0C29
ot



T3
(MEV)

25.T4

29.02

©32.30.
" 35.%8

33.86

4214
- 45.42

48.70
S1.98

$5.26

58.54

T3

" (MEV)
-25.74
29,02

32.30
35.%8
318.86
42,14

45.42

48.70

51.98 °

55.26
58.54

RECOTL MASS = 12
EXCITATION ENERGY =
Asvmukrpxc ANGLE =
SIGMA

L (HBI((S&)**Z'MEV)

«01%22
« 0304
«0368
«C241
" 20178
«Cl82
«C2719
" «C228
«C178
«ClE2
0.

RECOIL MASS = 12
EXCITAT1ON ENERGY =
ASYMAETRIC ANGLE =

: STCYA
AMB/ ( (SR)**28¥EV)

- «0296

«C2E4

. {0250

- «0228

<0219

«C216

«C239

0068

0136

+ 0080

.0011

Aoy,
4.44 (MTy)
25 DFEG.

STAT . ERROR
(NB/((SQI**Z*MEV’

« 0044
20062
« 3068
«0055
« 0048
¢ 0044
«0060
« 0054
+0048
¢ 0044

Qe

AM. U, -
444 - (MEV)
31 ©DEG.

STAT. ERROR
(HB/((S”)**Z*HEV)
«00%8
«00¢a
«0053
. 0051
«0060 -
«0050
«0052
«0028
«0039
«0030
«0011

‘Tj .
(MEV)
25.74
29402
32.30 .

35.58

38.86

42.14

45442
48.70
51.68
55426

T3

(MEV)

25.74
29.02
32.30
35458
28.86
42.14
45,42
48.70
51.98
£5.26

RECOIL MASS = 12
EXCITAT ION ENERGY = -
_ASYMMETRIC ANGLE =

© SIGMA
(MB/((SR)##Z#MEV)

«C241
«0163
~eC253
«C290

. 0193 .
«C290
«Cl49
«GC0¢0
«C157
+C097

RECOTIL MASS = )12
EXCITATICN ENSRGY =
ASYMMETRIC ANGLE =

SIGMA - :
(MB/ ([SRI*%2%MEY)
0286
0220
<0165
01652
<0220
.C229
.0192 .
. 0127
0192

IR
4064  (MEV)
28 DEG.

STAT, ERROR
(MB/((SPP**Z'MEV,
+ 0054
«0048
«00°%53
« 0048
«00%59
0045
«0C27
«0043
<0034

A.M‘U.
4.44 (MEV)
35 DFG.

STAT. ERROR .
(MBI((SR)**Z*MEV)
0035
<0048
«0C45
«0C39
0042
<0045
+0046
<0062
«0C35
0042

#n

-€22-

e

oo



T3

(MEV)
2574
T 2%9.02°
32.30 -

35,58
38.86
42.14

. 45.42

48.70
§1.98
55.26

£8.54

RECOIL MASS =

12 AMoUe’
EXCITATION ENERGY = 4,44 (MEV) EXCITATION ENERCY =.

ASYMMETRIC ANGLE = 38 DEG. .

. SIGMA STAT. ERROR T3 SIGMA

(HB/((SR)*#Z*MEVO (MB/((Sntttz*nEVD {MEV)

: «0147. « 0039 25474 + C0S2
L0126 #0036 29.02 « 007
«C178- «0C43 : 35,58 J01£7
<0115 «0035 - - 33.86 L o 0111
« 0147 .0039 . 42.14 .005¢
« 0126 - <0038 . .. 45,42 +CCS5
« 0126 -+0036 - ¢ 48,70 : <0111 -
0126 0036 . %51.98 «C062
«CC84 «0030 ... . 55.26 <0130

0. : 0. s 58654 . 0.
i RECO!L_"ASS‘F 12 AM,V,
EXCITATION ENERGY = 4,44 (MEV)
ASYMMETRIC ANGLE = &7 DEG.
R - *UEIGMA : STAT, ERROR
C{MEV) (MB/((SP)**Z*HEVl (MB/((S?I#*Z*MEV)
25476 wCC13° + 0026
29.02 +C073 00026
32.20 + 0026 +0018
35,58 «0018 +0013
38.85 7 e 0CES ‘e 0022
42.14 «0018 «0013
43.42 «CC55 «0022
48.70 «0027 «0016

RECAIL MASS =

ASYMUETRIC ANGLE ="

(ME/((SR)**Z#MEV).'

AWMU,

~4;44 f(MEv)
42 DEG. .

‘STAT, ERRUR
(MB/((SR’**Z*MEV’

«0C41
40037

- o - o+ CC49

+005%

.0022

':‘.;l'u_ " «0045

«0041

.0049

0.

B 444



T2
{MEV)
2% .74
29.02
32.30
35,58

38.86.

45,42 -
48,70

 51.98

RECOIL MASS = -

12 AM.U.

AFCCTL MASS =
EXCITATICN ENFRGY = 7,
ASYMMETRIC ANGLE =

(MB/((SQ)**Z*MEV)'

EXCITATICN ENERGY = 7,66 - (MEV)
ASYMMETRIC ANGLE = 28 CEG, «
. . SIGMA . STAT. ERROR - T3 STGMA
(ME/((SRD**Z‘MEV) (MB/((SRD**Z*MEVD' (MEV}
.0012 © . L0012 25.74 ~+0011
O O 29.02 ) 0. _
 «0048 T .0024 22,30 . +C023°
« 0024 «0017 ; 35.858 . «CC45
0024 .0017 . .38,.86 + 0045
e 0024 .0017 42.14 « 0080
«0024 <0017 45.42 «0034
* Qe 0e . .7 48,70 . +0023
«0024 0017 51.98 0023
" RECOIL MASS = 12 A.M.U,
" EXCITATION ENERGY = 7,66 (MEV)
ASYMMETRIC ANGLE = 3% DEG.
. T3 STGMA _ STAT. ERROR
“{MEV) (MB/T(SR)%*¥2%MEV) - (MB/((SR)*tthEV)
25.74 .C018 «0013
29,02 . 0028 <0016
32.30 +0018 00013
. 35.%8 «CC28 . “ 40016
© 38,86 20009 . «0C09
) ‘2014 .0009 - .0C09 -
45 442 0. ) - Qe
48.70 +0CS55 «0022
« 0046 ~«0020

12. AU,
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