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‘excitation function of the

o- TRANSFER STUDIES VIA THE (a, Be) REACTION AT
HIGH ENERGIES

Gordon John Wozniak

Department of Chemistry and Lawrence Berkeley Laboratory
University of California, Berkeley, California 94720

August 1974

ABSTRACT
The (a, 8Be) reaction was investigated on 160, 15N,' 14N, 12C,
11B-, and 10B targets at bombarding energies between 63.2 and 72.5
MeV with a 8Be identifier of high detection efficiency. Differential
cross sections were measured from Gc.m, = 20° -'7:0A° for solid targets
and over a more restricted range for the nitrogen“g:afs targets., An

Be)SBe reaction a'tAfive bombarding
energies befween 63.2 and 67.3 MeV was obtained which concluéively |
dembn_stra‘ted the direct nature of the (a, 8Be) rea;:tion at high bom-
barding energies. This reaction was found to pro;_eed predominantly
via a direct d-cluster pickup mechanism and to vs’c_ljobn:gly populate only
levels consisteﬁt with this mechanism. The angula_f distributions on
spin 0 targe_fs exhibited a strong depéndence oﬁ the value(s) of L, the
angular momentum transfer. Experimental distributions for L = 0
and L = 2 transfers were both oscilla.tory, but with the latter showing
a much larger strength at back angles. The distributions for transi-

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

constant in magnitude with little structure.
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A plane wave diffraction model was used to analyze the cross
section data, This model which included finite-range and recoil éffects
adequately reproduced the L = 0 and L = 2 data from spin 0 targets.

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

&

for transitions involving more than one L-transfer. The neglect of
distortion in these calculations was investigated and found to be un-

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

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

tive agreement with those of Kurath.

-
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I. Introduction

Theére has been much interest in whether significant clustering

of nucleons exists in light nuclei, especially in the form of o-like clus-

. ters. This idea of a-clustering was suggested in 1937 by Wigner
F(W_i 37) to éxplain the mass systematics of lighf vﬁuclei. More recently

~ Wilkinson (Wi 61) concluded from an analysis of kribckout and K~ me-

son’capt.u_re experiments that in the nuclear surface there is a higher
probability of finding nucleons grouped together forming a-particies
than one would expect -ffom isolated nucleons. The existence of a-
clp_sters 1n the low-density surface region is possible because the
Paﬁli principle plays a smaller role there and 1n fact the formation of
o.—c_:lust'ers is favored because of the large internél binding energy of
the a-particle, |

Moreover, in lighf nuclei, due to the small ﬁumber of nucleons,
a-clusters may occur throughout the nucleus. In fact for some light
N=2Z nuclei, Hartree-Fock calculations, which didv not include any ex--
piicit assumption about an a-clustering effect, showed that the nucle-
ons tend to group together in small clusters Whi"ch, may be identified

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

been shown to be a successful method for describing the defor,rnedv

ground states and rotational bands excited in a~transfer reactions

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

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

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

ative quantum numbers S=0, T=0) is discussed in detail in Fr 63,
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Bro 66, Ge 67, Ei 69, Wi 66, Ar 71, and Ar Tia,
A very good experimental probe which has been used recerntly

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

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

in a single step process as a cluster having the internal quantum num-
bers of a free a-particle, then such a reaction should selectively pop-
ulate final states which closely resemble the ground state of the target

nucleus minus an a-particle. The parity of the final state is ﬁf=(-1)Lni,

where m is the parity of the target and L is the o_r_bi,t'al angular momen-

tum of the transkferred cluster. Thus unnatural—pai_'_i'ty states can not
be populated by direct a-cluster transfer on even-even targets. Among
the lightef'projectiles; two possible a-cluster transfer reactions, (d’,
6Li) and (3He, 7Be), have been extensively investigated to determine
if they pkroceed via a direct a-cluster transfer (‘e_. g., Be 70, Ga 72).
A brief summary of these results is given below. )

The.(d, 6Li) reaction has been studied oVe'.r a bombarding en-
ergy range of 15-55 MeV (De 66, Ei 70, Ce 71, -Gﬁ'f?i, Mc 71, Co 72,
Ma 73, Be 72). .Transitions to the ground state of the final nucleus
seem to pro.ceed mainly via a direct process at an incident energy of
15 MeV (De 66). Also, at higher bombarding energies where many
more final states can be observed, the experimental evidence. gener-
ally suppc;rts the assumption that the (d, 6Li) rea'c’t_idn proceeds mainly
through a direct a-cluster pickup (Be 70, Ga 72), ‘It should be noted,

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

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

<
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with large relative cross sections. This resul_t_ suggests the presence
of. multistep processes, making questionable the extraction of a<luster-
ing information with distorted-wave Born approximation (DWBA) cal-

culations. Nevertheless, experimental spectroscopic factors for some

transitions have been determined by fitting the experimental angular

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

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

by Gutbrod et al, (Gu 71) using a zero-node wave fi_’mction for 6Li lead

to experimental spectroscopic factors in good agreement with the pre-

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

if @ one-node wave function was used for 6Li. ‘M_artin et al. (Ma 73)
found that the magnitude of the angular distributions calculéted in the
zero-range approximation was strongly depend'en'tv on the number of
nodes of the bound-staLte wave-function, and tha::t_boi:h the magnitude
and shape were very sensitive to the 6Li optica.l.parameters. Thus
the reliability of experimental spectroscopic factors seems to be un-
clear at the moment,

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

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

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

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

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

15N(g. s.) transition and was observed to be quite smooth, Ata bom-

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

~state was ~ 20% of the a-cluster transfer stren'g'th (De 72). This 20%



only measures the contribution of a particular non-a-cluster transfer
mechanism, and therefore, represents a lower limit for non-a-cluster

transfer processes,

A zero-range approximation can not be éxpec’ced to provide a
reliable descﬁption of the (3He, 7Be) reaction slihce'the a~particle in-
side 7Bé’ is in a P-state., Therefore, the data ha;ve been fit with finite-
range DWBA calculations and qualitative spectros{:opic factors; ex-
tracted which for s-d shell nuclei are in considerable disagreement
with shell-model predictions. Also, the ratio of g%;tracted experimental
spectroscopic factors for transitions to the first_’(.)fand 2+ states of 12C
was determined to be ~35 whereas theoretical eéfimé.tes give a ratio
of ~6. Itis not clear whether the above quantita.tiv.e disagreemeﬁt
with theory and also with the (4, 6Li) results is due to the reaction
mechanism, the lack of 7Be optical potenﬁals or approximaﬁons in-
volved in treating "Be as 4He and 3He in a relat'i"v_e. P-state, Hovyever,
on a qualitative basis an a-transfer description doéS' accoun.t' for most
of the observed properties of the (3He, 7Be) tran»sifi'éhs,' incAludi-ng
some obéervéd selection rules. An experimental complication asso -
ciated with this reaction is the bound first excited state in 7Be(.43 MeV)
which causes '"'shadow' peaks and imposes constraints on the energy
resolution,

Since both the (d, 6Li) and (3He, 7Be) reéctions seem to have
sizeable non-direct contributions and because of thebéretical.difficulties

associated with each of these reactions, the (a, 8Be‘) reaction was in-

vestigated as a possible alternative. There are several reasons for
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believing thatthis reaction will proceed via a direct process and that
it will be particularly suited for studying a-~clustering phenomena. It

has been pointed out by Holmgren (H669) that the a-cluster used to de-

‘ scribe the ground state of the target may not hajv_je' the same structure

as the a-cluster in 6Li or 7Be, and furthermore fhat all of these struc-
tures may differ from that of the free a-particle. As the 8Be ground
state 1s unbound by 92 keV, the two a-clusters should be virtually iden-
btica_l with free a-particles. This conjecture is supported.by the fact that
8Be ‘has no excited states other than those of almost pure a +a parentage
below an excitation energy of 16 MeV and> by its-iar’ge calculated 8Be_.>.

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

particle a‘nc_l 8Be have zero spin, the transferred angular momentum. is

.uniquevfor.'.ta_rgets having spin 0 or 1/2 in contrast with the more com-

plicated selection rules for the (d, 6Li) and (3He, 7Be) reaétions.

A further attractive feature of this reaction is the identical en-
trance channel which it shares with the (a,2a) reaéﬁ_dn. The exit chan-
nels are also very similar as (a, 8Be) is the sarhe as. (a, 2a) if the 2a-
particles are in a relative S state. Typically, the two o,-particies from
the (a,_2a) reaction are detected on either side of the beam axis at
o'r'nea‘r the quasielastic angle where the product nucleus is left with ap-
proximately zero recoil momentum. Thus these two reactions will
probe diffe;‘ent momentum regions of the target a.-_cluster wave func-
tion, Since the (a, 2a) reaction at an incident en'e.rvg"y. of 90 MeV (Sh,73)
selectively populates the grouna state of the final nucleus and only
weakly populated excited states, it will be especially interesting to com-

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



Although the original (a, 8Be) experiments by Brown et al, (Br
65) employing a-a coincidence techniques showed'fh'a_._t at 35.5-41.9 MeV
bombarding energies nondirect processes appeavré‘dfpredomina.nvt, it
was hoped that direct processes would dominate_ .atlvhigher energies,

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

nuclei, this investigation was confined to this shell on10’ “._B, 12(3,
14,1 5N and 160 targets,
. 8 -'16 :
Since the "Be ground state is particle- unstable 1/2 sec),

it must be detected 1nd1r¢ctly by means of ;ts de»ca-y_ products. (A de-
tection technique de'veloped for this investigation is_ described in Sec-
tion II.) Fo rtunately, compared to typical nuclear transit times, Be
is sufficiently long-lived to be treated as a stable particie in nuciear
reactions. Thus the (a, 8Be) reaction can be described by two-body
kinématiés and each 8Be nucleus will have a unique _énergy at a given
laboratory Iangle. Moreover shadow peaks due to i‘eactions forming |
8Be* (2.9 MeV) can be experimenfally eliminated‘,fz_;)r‘n the da‘ta_t (see
Section II). |

Experimental equipment and proceduresare outlinedin Section
III. A simple model of the (d., 8Be) reaction meqhanjsm is developed

in Section IV and experimental and theoretical results are presented

in Section V,



11, 8Be Identifier Design Considerations

_'i‘he study of reactions with 8Be nuclei as -thé detected particles
is'compliéated by the fact that the 8Be ground sta.fe decays promptly
(1:1/2 ~ 10"1 ‘ sec), and therefore must be observed indirectly by means
of its breakup a-particles. The essential difficulty lies in detecting
these two a-particles with high efficiency, while at_ﬁtihe same time ac-
éurately d‘et.ermining the energy and direction o"f"c}.ué boriginal 8Be event,

Previous methods of detecting 8Be nuclei fa”l.l into two genefal
categories: those observing the two a—particles ‘in coincidence in two
separatevdetectors (Br 65, Ch 67, Cr 73, Ja 68, Ho 72, Ma 72, Ja 73,
Ro ‘73‘, Br 73), and those using a single counter telescope (Wo 72, Me
74). The latter technique utilizes the fact that twovapprox'imately
eéual-enérgy a-particles simultaneously traveréiﬁga AE-E telescope
identify as a 7Li event; however, the range of excitation that can typ-
ically be c.o‘bs\erved with this technique is limited (Ha 72) to ‘.'1 0 MeV,
Bb_th of these methods rely on collimation to reduce kinematic broad-
ening, sd that one must strike a balance between detection efficiency
and energy resolution, particularlly on light targets, High efficiency
requires a SBe identifier subtending a large solid a;igle, while a re-
stricted solid angle is necessary for small kinerﬁafi.c,broadening.

| In the detection technique discussed belov& a position-sensitive
detector is used to measure both the direction and the energy of a 8Be
event, thereby permitting both good detection efficiency and reasonable
energy resolution. Although 8Be events can then 'Bé selectively ob-

ser's)ed'by employing a divided collimator before this detector (as shown
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below), sﬁbstantial background reduction of chafnc;é coincident events
can be achié'Ved by also employing a transmissién.'(AE) detector,

The 8Be identifier--consisting of a divided collimator, a trans-
missién detector and a position-sensitive E detector--was developed
to study _t_he (a, 8Be) reaction on p-shell targets“(W_Q 73). Because of
the large‘a—structure amplitude of 8Be, it was ii_o‘pe.,(i that this reaction
would b¢ a useful spectro s;opic probe with which to in‘vestigate theo ret-
ical a-st’ruéture‘amplitudes, such‘ as those given b.yKurath (Ku 73)‘for
p-shell nuclei. Both a simple 8Be identifier, employing a single AE
detector or twin AE detectors, and a modified one, with subnanosecond
pileup rejection to achieve low backgrounds at hi_gh'counting‘r_ates (50}

kHz), are discussed (Wo 74).

A, 8Be' Dec’ay

- 8. 8 8 e .

The decay of Be ( Be= Begs’ hereafter) is characterized by
a single decay channel, a small bréakup energy (Q=0.092 MeV), two
identical charged products (a-particles) and, sinée all the spins in-
volved are zero, an isotropic distribution of the decay products in the
center of mass, By designing a detection system oﬁtimized for high-

energy 8_Bé events (E8> 35 MeV, E8 = E8 ) to which discussion be-
. Be

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

sing of the a-particle into 2 narrow cone whose axis is in the direction

of the original 8Be nucleus, and whose half angle (ﬁmax) is given by

‘3 max

= arcsin[(Q/fES)i/z];. o | (2-1)
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This kinematic focussing of the a-particles from the decay of a
high energy 8Be nucleus is shown in Fig. 2-1, Depicted are the 8Be
'velocity vector (VB)’ ‘center of mass (EE) and labéfatory velocity vec- '
tors (—\71 , -\72) of the breakup a-particles, and the__aﬁgle in the center of
mass (y) and the laboratory ([51) at which ay is emitted relative to _\78
In .p_a_rt' b is illustrated the breakup cone within which the a-particles
are confingd. Also, shown are the target to deteéto'r distance(D), the

maximum angle in the laboratory (ﬁmax) at which-a_' breakup a-particle

is emitted relative to 78 and the radius of the breakup cone (rm).

For high energy 8Be events, ﬁma.x is small (2.9°) and the angles

max < 5Pl Il.’l this approx-

B, and B, are approximately equal [ 8, -ﬁzl/ﬁ
imation, the radial distribution, R(r), of a-particles across a detector

is given by:
2., 2,242
R(r)dr = (r/rm) (1-r /rm) . d}', (2-2)
where L I?tan B rax (see Fig. 2-1). This function is plotted in Flg.
2-2 and illustrates that the probability of finding an a-particle near the
é__dge of the breakup cone is much larger than that of finding one near
the center.
By integrating this expression, the fraction, vF(r), of breakup

a-;par't:icles which fall between r and T is obtainéd:"

Fr) = (4 -2y (2-3)
From this it follows that 71% of the a-particles lie between r = 0.7 r

and r = r;,n (see Fig. 2-2), This result can be visualized by realizing

that 71% of the breakup a-particles have a direc’cioh‘ in the center of
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XBL 7311-4447

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

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

to r>20.7r  since r =r  siny (see Fig. 2-1).

B. Simple ldentifier

1. Position-sensitive detector

The distribution of the breakup a-particleé. suggests that, in
order to detect a substantial fraction of the 8Be events, aidetector
must subtend an angle at least as large as that of _thev. breakﬁp cone
(~5°). However, such a large angular acceptance allows considerable
'valjiation in the detection angle (elab) of the 8Be events, On light tar-
gets (A<16), a typical value of dE/dO is around-Sbé keV/deg for the
'(a, 8Be) reaction at E,~ 65 MeV. The substantial kinematic broad-
ening that would arise from this large value of dE/df is avoided by
using a position-sensiti've detector (PSD). A particle striking such a
detector ge'.nérates both an energy signal (E), and -aj»_vsignal (XE) pro-

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

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

8Be é"vents, the breakup Q-value is small compared to the 8Be energy,
and so the two breakup a-particles have, to a first approximation, equal
energies | IE1 -E, I/(E1+ E2)< 10%]. On striking a poéition—sénsitive
detector, one a-particle therefore produces a sigh§1 XiE/Z, the other
XZE/Z. Sinpe both alpha\,s arrive within a fraction o‘f:a nanosecond, the
individual E and XE signals are automatically smﬁmed and the résul—
tant E signal gives the energy of the 8Be event. The position signé.l

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

X = (XiE/Z +X,E/2)/(E/2 +E/f2) = (X

.t XZ)/Z (2-4)

< .
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(a) Position-sensitive detector

Uniform
resistive
layer

________________ _ X|

Target B

Depleted Svi"'“_:

(b) Simple identifier

Position-sensitive
detector

o _detector

Divided
collimator

XBL 742-2323 .

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

direction of the 8Be event (6. _.), and substantial kinematic broadening

lab

can therefore be avoided by gating the energy signals with position sig-
nals corrésponding to a small angular range.
It is implied in the above derivation that the expression for X

holds only to the extent that E1= E_ and [51= {32,' and.therefore that the

2
direction of the 8Be event (elab) is correspondingly uncertain. How-_
ever, since the measured position of the 8Be event is given by:

X' = (X1E1 +X2E2)/(E1+E2_)f:' o (2-5)

X+r, and X. =X -r

1 2 2 then

and because X1

X!

[(r1+X)E1 + (X -rZ)EZ]/(E1+E (2-6)

).
The deviation (AX) of the measured 8Be direction (X') from the true

direction (X ) is given by:
AX =X' - X = (r1E1 - rZEZ)/(E1+E2-), (2-7)

Since the a-particle with the lower energy has the larger § and hence
larger r, and vice versa (see Fig. 2-1), the products riE1 and rZE2
are nearly equal. Expressing ri; To Ei’ and E2 in terms of the

more convenient quantities D, Q, E8’ and y (see Fig. 2-1), one obtains

the following expression:

AX = 1f2(DQ/Eg) sin2y. (2-8)
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Hov}e'ver, this equation must be modified When applied to the
8Be idenfifi'er. As mentioned above, a transmiééion (AE) detector is
introdué_ed iﬁ front of the position-sensitive detectbr to 'reduce back-
ground. The energy loss in this detector modifies the above expres-

‘sion to the following one:

AX =1/2{ DQ/(E8 -AE)] (1 +3AE/AE8.')‘sin 2y. (2-9)

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

the angle élab of 0.1° for high energy 8Be events detected with a coun-
ter telescope employing a 100 ym AE .detector, The average value of
sin 2y was. calculated with the FORTRAN‘prograr_';‘lﬂ”:EFFICR (Je 74, see

Section II-4).

2, Divided collimator

W}vlile‘ good efficiency and energy resolu_tion can be obtained
with a position-sensitive detector alone, numerous particle-stable nu-
clei would a_iso be detected, which would obscure 8Be events except
when these happened to be more energetic. To é:v’bid.. this limitation,
the high p:fobability that the angular separation of the two breakup a-
particles is close to its maximum value (~5°)is exploited to selectively
detect 8Be events,  This selectivityis accorhplished byusing a divided
coliimator, which has a post subtending ~2°, to block out the central region
of the position-sensitive detector, as is shownin Fig. 2—3b. Employing
suéh a divided collimator eliminates particle-stable nuclei tﬁat aré emitted
within ~+1° of the center of the detector. Howevérv‘,' a subtantial fraction

of the two a-particles from 8Be nuclei emitted in this direction pass
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one on eithér side of the post. As indicated in F1g 2-3b, these events
yield signalé corresponding to the region of the‘ p_c')si.tion-sensi_tive:de—v
tector masked by the post. Therefore, gat.in_g thejehe_rgy signals by
such positioﬁ signals selects 8Be events, while 'ei_ifninating particle-

stable nuclei.

3, Transmission detector

A divided collimator and a position-sensit_i.ye d.etecto.r vméke a -
selective ‘é.nd efficient 8Be detector. However, s‘u_Br__s'tantia'l background
would arise at moderate counting rates ‘(~15 kHz'). f‘rrom chance-coinci-
dent particles arri‘ving within the éulse pair reéélving time of the elec-
tronics. (All quoted counting rates give the number of counts in thou-
sands averaged over one second.) The addition of a transmission de- .
tector reduces background in two ways. Because of the microscopic
duty cycl‘e of a cyclotron beam, the above backg’fb_u_hd events can be
categorized as originating from two different tirﬁé regions. Inter-
beam—bufst"ﬁileup e's;'ents are caused by chance-éoincident particles
produced by different beam-bursts occurring ~100 ns apart. Since en-
ergy signals from a position-sensitive detector have a slow and posit'ior;—
dependent risetime and thus poor timing characteristics, a transmission
detector (see Fig. 2-3b) with a pileup rejector hé'vi#g a pulse pair re- .
solving time of ~50 nanoseconds can eliminate iﬁterr_Beam-burst back-
ground events. |

Intra-beam-burst pileup events are not eliminated by the above
pileup rejector since tﬁe beam-burst width of ~5 nanoseconds requires

a pulse pair resolving time of <1 nanosecond to eliminate a substantial
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fraction of these e'v‘ents. Although nearly all of t};és-e events are caused
by i)varticlve:s which have’ sufficient energy to tr.avé.‘i.s'e the depleted depth
of the PSD, most of them can not be eliminafed by using a reject detec-
tor because commercially available PSDs have such thick undepleted
back .layers that a large fraction of these particles WOuld‘ fail to tra-
verse thé PSD. Howe'ver, many of these intra-beam-burst background
events ‘can Be eliminated by pe'rforrning particle 'id‘éhtification (PI) with-
the AE and E signals from the transmission and p‘&sition-sens_itive de-
tectors. f‘or nuclei stopping in the depleted depfh of the PSD, ana-

particle generates the following PI signal:

Pl (o) = (E +oE -3 g 1.73, . (2-10)
a a Qa o :

while two a-particles generate the following signal: -

1.73 1.73 .

Pl (20) =(E +E +AE + AE )
: a a a

-(E +E )
1 2 1 ) a a

1 2

(2-11)
This particle identification signal which is generated by two a-particles
that are simultaneously detected in a counter telescope can be expressed

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

fraction f of the total energy(ET(Za)) carried by this a-particle (Ei(a)):

73

PI(2a) = 21 PI (a)/(4£(f-1)), where f = E,l(a)/ET(Za)‘. (2-12)

The function f(f-1) has a single maximum at f = 1/2 (corresponding to
equal energy a-particles) and thus PI(2a) has a singlé'minimum and is
larger for all other values of f. It should be noted that the condition

that both a-particles traverse the AE detector restricts f to be larger



-18-

than Emi.n/ET(zo')’ where _Emin is the energy c.;'Q:rjres'ponding to an a-

particle range equal to the thickness of the AE de.tvector, which fof a

100 um AE detector corresponds to f> 0.25 for. .ET(ZQ) <50 MeV. .
Oﬁ the other hand the fraction of the total energy carried by an

a-particle produced by the decay of a high energy 8Be nucleus is even

more restricted (0.45<f <0.,55) by the small breakup Q-value. As

f(f-1) .isrextremely slow varying .(:i: 1%) in this region ‘near its maximum,

1.73 pi(a) (2-13)

P1(®Be) = PI( 2

, 2a)s - 0.50£0.05 °

and therefore 8Be events identify as a peak in1 the particle identification
output,

Only a small fraction of the intra—beam—burst-pileup events cor-
respond to two a-particles stopping in the deplefe_d,‘.région of the PSD and
because of the experimental broadening of the PI signal, most of these
events generate PI signals which fall inside a gate set around PI (8Be).
However, the great majority of pileup events are caused by coincidences
between high energy elastically and inelastically scattered'a—particles
where one or both traverse the depleted depth _of__. thé position-sensitive
detector. Since an q-particle loses a substantial‘_ffé;ction of its total
energy near the end of its range, one stopping in fh_e undepleted region
of the PSD .v'vill generally deposit a substantial arﬁo‘ﬁnt of charge in this
region which will not be collected. Thus a-a pileup events, where one @
or both of thé a-particles s.top in the undepleted regioﬁ, give rise to
particle id:e‘ntification signals (PI(2a)') which depend strongly on the
fraction of the total energy (f') lost in the undeple_’%eé region, as can be"

seen by examining the following expression:
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8

PI(2a)' = [ PI(®Be)/(4f(t-1))] [4-£'] | (2-14)

Since the factor f(f-1) is slowly varying end f' increases rapidly
due to the end of the range effect, the latter domiﬁates for most
of these pileup events, causing PI(2a)' to be substantially smaller than
PI(SBe). Therefore a large fraction of these pileup events (where one
or both a-particles traverse the counter telescope): can be eliminated
by setting a gate around the. 8Be PI peak. This results in a Substential
background reduction at moderate counting rateé. ,.(This PI gate will

also eliminate most of the intra-beam—burst—pileup véve‘nts caused by
one a-particle stopping in the AE detector and the oth.er traversing it.)

4, Detection efficiency

When using the simple identifier, the magﬁitude of the'aceep—
tance solid angle (Qacc) for detecting 8Be events is restricted to ti'le
solid angle subtended by the post of the divided collirriator. (It should
be noted that for experimeﬁts using the simple icientifj;er; Qacc is de-
fined (or limited) by a position gate which is alv;;'a.ys tl,ess than the post

width.) Only a certain fraction of the 8Be events emitted into Q. 2are

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

‘the product of € and @___ yields ‘Fhe effective solid .angle (Qeffze'ﬂacc)

for detecting 8Be events, .
By increasing the vertical size of the post of the divided colli-
mator, both the acceptance solid angle and the efficiency are increased,

The efficiency increases because € is the average efficiency over the

entire extent of the acceptance solid angle. This solid angle is
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(2 The ratio, Qeff/Qcol-l’ is called the relative efficiency (erel)’

coll)'
Because of the finite extent of the breakup cone, there is an optimum
diameter of the divided collimator for maximum relative efficiency.
As can be seen from Fig. 2-4b this maximum is obtained for o® ~1.5
dm. Over a restricted range of kinetic energies' (35 - 70 MeV), the
s»ize of the breakup cone varies by only a small amount (dmOC(E‘,g)
thus a fairly energy-independent and large €., C2n bg achieved. A

rectangular divided collimator can also be used and similar considera-

tions apply as for a circular one,

C. Modified Identifier

1. Twin transmission detectors

A s.‘ubstantial improvement to the simple 'idevntifier can be made
by using, instead of a single AE detector, two AK detectors diffused
side by side on a‘single silicon wafer (see Fig. 2-5). An order-of-
magnitude reduction of intra-beam—bufét pileup can then be achieved ‘
by making a subnanosecond coincidence i)etween"t'hé‘se detectors, Fur-

ther reduction in background is possible through a comparison of the

energy loss in each detector.

2. Intra-beam-burst pileup rejection
When 8Be decays, the two breakup a-particles generally have
different energies, and so different arrival times af the twin AE detec-

tors, The maximum time difference (Atn.aax) is given by:

At = 1.24 D/E8 nsec, (2-15)
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Modified identifier

Exposed

Divided
collimator

XBL 745-3062

Fig. 2-5, A schematic diagram of the modified 8Be
identifier showing the divided collimator, twin trans-
. mission detectors and PSD.

-
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where D is the distance from the target to the AE detector, and Eg is
the energy> of the 8Be event. For E8 > 35 M.eV and D =11.8 cm,
Atmax is less than 0.42 nanoseconds, Therefore by performing a sub-
nanosecond coincidence, the background can be_r‘educed by a factor of

ten, since the typical beam-burst width at the Bé'rke;ley 88-inch cyclo-

tron is approximately five nanoseconds (at a fr.e'quéhcy of 9 MHz).

3. Ratio requirement
Since both breakup a-particles from a .8Be event have similar
energies, the energy loss of ay in AEL is approximately equal to that
o 8

of o, in AEp. By calculating the ratio R = AEL/_(A-EL +AEL), “Be

events are characterized by a ratio signal close to 1/2. Because two
chance coincident particles will generally have different energies, set-
ting an SCA about the '8Be ratio peak will eliminate some intra-beam-

burst pileup events,.

4. 'Detection efficiency

When using the modified identifier, a 8Bé event can be charac-
terized by a fast coincidence between the AE detecfd’rs, rather than‘ by
a position signal corresponding to the masked regién of the E(PSD),
and therefore the post need only be wide enough to cover the dead re-
gion beﬁneen the detectors. (In the limit of a post width of zero, £hQ
acc.eptance solid angle (Qacc) would be restricted to the solid‘ angle
subtended By half the width of the '"divided" 'collimator. ') As the ac-

ceptance angle (2 ) is no longer restricted By fth_.at of the post width,

acc

one can attain larger -acceptance solid angles than were possible with

the simple identifier.
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To illustrate the dependence of R g ON fhe éollimator dimen-
sions, a rectangular 'divided' collimator with a line post (P = 0) is
conside"re'é_l." In Fig. 2-6a the dependence of Qeffon the collimator
width (W) is shown for two different va.lués of the collimator height (H).
»The,e:ffec‘tivbe solid angle increases rapidly with W until a width equal
to 'twice the size of the breakup cone diameter is 1;eached whereupon it
levels off. This flattening out is due to the necé‘ss‘it.y of having the
breakup a-particles fall on either side of the cer'.x‘_tr:al vertical d“i'viding :
strip in the twin transmission detector in order to give a coincidence
signal, ‘Both Qacc and Qeff continue to increase as the height (H) of
the collimator is increased. As fdr the simple identlfier, Qeff is ex-
periméntaliy defined by the setting of the position gate,

. The dependence of the detection efficiency ( e, solid curve) and

~ the relative efficiency (erel’ dashed curve) on the collimator width (W)
is shown in ﬁart b of Fig. 2-6. Both ¢ and €re1. have a broad max-
imum at a collimatc;r width of approximately one vand one half times the
vbrea..kup cone diamétér and they have similar depe.ndence on H as does
Qeff for H> dm. |

- In Fig. 2-6c a plot of the differential effivcie.n_cy (de/dW) illus-
traté_s the restriction of 8Be events to a central 'véftical st_rip (x W/4)
of the collimator (corresponding to Qacc). , Outside of this strip the
detection éfficiency is zero to the extent [31 =P,- Note that while the
maximum value of dé/dW is 50%, the average value (¢) is about 30%. ‘
“Although thé amplitude of the differential efficienéy varies with the 8Be

_energy, the shape is quite energy independent, Thus if an observed
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Fig. 2-6. a) The dependence of Qeff on the width (W) and height (H) of a rectangular
""divided" collimator having a line post. Eg is the energy of the "Be event in MeV and dm
is the diameter of its breakup cone. b) Calculated € and ¢ 1 for collimators of different
widths. c) A plot of the differential efficiency (de/dW) across a PSD of width (W).. Other
symbols are defined in the text,. ,
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8;Be producing reaction has a constant differential cross sectioﬁ (do/dQ)
across the acceptance angle (Qacc)’ the observed position spectrum
should have a similar shape as the curve shown in.part c of the.above
after folding in the position resolution., All the a.bé've considerations
épply when considering a finite post width (P). (It should be noted that
as in the case of the simple identifier for actual expériments Qacc is

defined by the width of the position gates.)



-30-

The detector telescope was mounted on a platform iﬁside the
0.51 m.éter scattering chamber, An aluminum Bousing with 1.5 mm
thick tantalum shielding on the beam side enclosed the counter tele-
scope .and é. 600 gauss permanent magnet was p‘la.c;ed in front of it to
deflect low energy electrons arising from projéActi'lé-electron collisions
in the target. A turbomolecular pump with a liqi}id nitrogen cold trap
to pre‘veht. the back streaming of pump oil kept thev, écatter chamber at
a 'vacuum-of’.4><1_0-5 mm of Hg and an oil diffusionb pump (see Fig. 3-1)

maintained a vacuum of 5X1 O_6 mm of Hg in the beam line,

B, Targets"
1. Solid targets

Self-supporting films of 10B(98%), 11B(978%), 126 and SiO2 were
used as targets in these experiments. Up to seven targets plus an
. A1203 scintillator could be placed in a remotely con.trolled motor -
driven target ladder. Target thicknesses were determined at the end
"of an ex.pe'ri‘ment by placing a thin 21 2Pb source beﬁind the target and
measuring the energy loss of the a-particles paséi-ﬁg-,through it. | In
addition for targets of natural isotopic compositio_q a1 cmz central
circulaf por.tion was weighed on a microbalance. v-(bi.ood agreement was
obtained between these two methods so that the target thicknesses were

known to * 10%.

2. Gas targets
A gas target and recovery system which has been described

previously (Br 69) was used for experiments with chemically‘. pure
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14N2, '1602 and isotdpically enriched 15N2(99%') gases at a pressure

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

with a mercury manometer and monitored remotely by a TV camera

‘focusséd on the mercury level. The 6.4 cm diameter gas cell con-

sisted of two stainless steel disks supporfed by‘i_a 45° wedge between
them, A 3.2X19.9 cm strip of 5 um thick Havar’ foil glued to the-
upper and lower disks formed a continuous 315° window.

To define the extent of the target from which 8Be events could

" be observe’d., an unusual gas collimator was desig'ned and built, This

collimator could be used with either .the simple or modified 8Be iden-
ﬁfiérs (see Fig. 3-2, the 8Be gas collimator is shown here with a
modified identifier). In addition to the normal divided collimator im-
mediately in front of the counter telescope, a seéoh_ci one is placed
nea"rer to the gas cell, This front collimator define's the extent of the
target (femoving the possibility of detecting rea._c-ﬁon products fromv
the gas cell walls).

To reduce the singles counting rate in the tw1n AE detectors,
a 0.5 millimeter tantalum partition connected the posts of the two col- |
limators. This partition eliminatedvparticles pas_siﬁg through differ-
ent sides of the front and back collimators. Thé _.I;élative alignment

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

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

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

aluminum plates were attached to and connected the outsides of the
‘divided collimators (not shown in Fig. 3-2) on both sides of the gas

collimator,
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Fig. 3-2. A schematic diagram of a gas cell and
the 8Be gas collimator, here shown with a modified
Be identifier.
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Previously described detection efficieﬁcy considerations have
assumed a solid target although similar considerations apply for a gas
_ta'z.'g'et, The probabiiity of detecting a 8Be nucv:'lvefus :emitted from a gas
target was determined by making a simple first o',;dér correction to
the detection efficiency and By using oxygen gaé é,nd solid target data

to normalize the gas target cross sections.

C. Simple Identifier
| 1. " Detectors and equipment

A surface-barrier position-sensitive defec_to:rz having aﬁ active
area of 10X50 mm and a 300 ym depletion depth was used in all exper-
iments with the simple identifier. "This PSD had.' a position resolution
of 1% (~0.5 mm) of its léngth and an energy linearity of 7%. Oﬁly a
10X10 mm section (at the end from which the XE signal originated)
was used. In this region the position resolution and linearity were
0.‘6vmm and 2%, respectively. The measured energy resolution and
the observed change in pulse-height across the PSD §vere 70 keV
FWHM and 100 keV, respectively, for 8,75 MeV a—pa'rticles.

Fully depleted phosphorus-diffused transmission detectors

‘having depletion depths of 125 ym or 200 pm and circular (10 mm diam-

eté'r) aét’rve areas were used depending on the experiment. Rectangu-
‘lvar transmission detectors were also used, These were fabricated at
LBL by making two 4.5X10 mm active areas sepaféted by a two milli-
meter undifflJ;sed region in a 1 90 um thick silicon wafer. These twin

detectors act as a large area detector (10X11 mm) when the right and

L
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and AE good uniformity and hence good particlé‘identificaﬁon is en-

R’
sured. This technique takes advantage of the faét that the central re-
gion of the. AE detector is not used since it is masked by the ‘central
post of the divided collimator.

In Fig. 3-3 is shown the housing for th_e’simple identifier. It
consisted of detector holders, shielding, a movable collimator, a re-

motely controlled electric motor, gearing‘and a heiipot. This hodsing

fitted into a'verticall'y adjustable sleeve and was attached to the upper

rotating ring of the scatter chamber through a horizontal sleeve which

enabled the identifier to target distance to be changed (see Fig. 3-3).
The movable collimator defined the radial acceptance angle and
contained five collimator patterns cut into a rectangular tanta.lum plate
(on a _cofnrn‘dn centerline to £1 mil) 'which moveﬂd_ in a teflon slide. A
fixed clo'llimator recessed in the slide-backing de.fin.‘ed the vertical ac-
ceptance angle and immediately behind it were mounted the AE and E
(PSD) detectors. Relative alignment of the countér telescope compo-
nents was accomplished by adjusting the dete’cto'rs and the fixed col-
limator! s positions. Final alignment of the countervtelescope was
performed in the scatter chamber by observing 1t with a transit at
elab = 180° and placing the identifier in the median scatte.ring plane
by adjusting its height in the vertical sleeve. Each collimator pattern
was then centered in the median plane and its position noted by a DVM
reading of the voltage drop across the helipot attaéhed to the motor-
drive gear, | |

The movable collimator was usually placed seven and a half

centimeters from the target and at this distance the divided collimator




.

CBB 745-3082

Fig. 3-3. A photograph of the simple 8Be identifier with a
remotely-controlled and motor-driven movable collimator,
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had a radial and vertical acceptance angle of six degrees and a central
post width of two degrees, With this geometry, forward angle obser-
vations were possible to a minimum angle of twelve degrees, and near
maximum relative efficiency ( €rel) was attained for the range of 8Be
events stopped by the identifier (35-60 MeV). The beam spot size
(1.5X2.0 mm) was equivalent to one degree and a one degree position
gate was set, These conditions gave adequate energy resolution and
detection efficiencies (€) of 12-23% for 35-60 MeV 8Be events emitted
into the acceptance solid angle defined by a 1° central position gate.
The intrinsic position resolution of the above detector was 1/2° and the
two degree post width ensured the complete elimination of particle-

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

2, Electronics

A block diagram of the electronics for the simple 8Be identi-
fier is shown in Fig. 3-4. Signals from the AE and E(PSD) fed three
amplifier systems and a pileup rejector (PUR). This last unit estab-
lished a coincidence (27 = 50 ns) between the AE and E signals and
inspected for pileup arising from different beam bursts over 1.5 micro-
seconds, In the absence of such inter-beam-burst pileup, a valid-event
signal was generated.

To minimize deadtime caused by the high counting rate in the
AE detector, double-delay line shaping was used to provide short sig-
nal shaping times and fast baseline recovery. Because signals from
the E(PSD) have a slow and position-dependent risetime, a linear am-

plifier with a two microsecond peaking time was used for both the E
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and the XE signals. A pulse from the E amplifier was used to feed a
pileup rejector which inspected over the duration (~ 8 ps) of the E sig-
nal (the counting rate in the E(PSD) was typically a factor of four less
than in the AE). The E and XE signals were connected to a divider,
which converted the position information into a time difference, and a
time-to- amplitude converter was used to give é voltage signal propor-
tional to the position, The AE and E signals fed a particle identifier.
Both particle identification (PI) and position gates were set with single
channel analyzers (SCAs) and energy spectra, gated by these, were
collected on a Nuclear Data 4096 channel analyzef, Gated and ungated

PI and position spectra were monitored during experiments,

\

3. Position and particle identification

To calibrate the position spectra obtained with the simple iden-
tifier, the movable collimator was used to place before the counter
telescope a collimator consisting of two narrow slits separated by ap-
proximately five degrees. The dimensions of this collimator were
measured to £ 0,03 mm on an optical comparator before the exper-
iment. In addition the target-to-movable collimator distance and its
distance from the position-sensitive detector were measured to 0.3
mm.

In Fig. 3-5a is shown two position spectra obtained in sequen-
tial runs at different movable collimator settings. These spectra were

collected at 0 = 415% 3° during the bombardment of a carbon target

lab
with 65 MeV a-particles. The counting rate in the AE detector was

15 kHz. Only events satisfying the condition of no inter-beam-burst
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Fig. 3-5. Position (a) a%d particle identifier (b) spectra
obtained with the simple °Be identifier. (See text).
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pileup, a AE energy SCA (set to eliminate Z =1 and 2 events) and an
E-lower threshold of 8 MeV were recorded. The upper spectrum was
taken with an open circular collimator, and the lower with a circular
divided one. The elimination of particle-stable nuclei is illustrated in
the lower spectrum. The counts in the central region of this lower
spectrum are from 8Be events with a small number from intra-beam-
burst pileup events.

In Fig. 3-5b are shown PI spectra of events satisfying the one
degree position gate indicated in part (a). The upper spectrum shows
the identification of the particle-stable nuclei, 6Li and 7Li, with the
relatively abundant 8Be events appearing as a shoulder on the 7'Li peak.
The lower spectrum, collected with the divided collimator, is charac-
terized by the absence of lithium isotopes and the occurrence of a single
peak (see Section II-B3) at the location predicted for 8Be events by
range-energy calculations (Wo 72). Nearly all background events seen
above and below this peak correspond to intra-beam-burst a-a pileup.
A relatively small fraction of these correspond to both chance coinci-
dent a-particles stopping in the sensitive region of the PSD and the PI
signals for these events lie close to the position of the 8Be peak. How-
ever, as the energy of one or both of the a-particles increases above
the maximum capable of being stopped in the depletéd region of the
PSD, the PI signal for such a pileup event rapidly decreases in magni-
tude. As discussed in Section II-B3 this strong dependence of the PI
signal on the fraction of the total energy deposited in the counter tele-

scope is due to an end of the range effect. Consequently, at moderate
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counting rates (15 kHz), nearly all pileup events are eliminated by
setting a PI gate around the 8Be peak.

Energy spectra (see Fig. 3-6) of the “B(a, 7Li) S5 amd

11 8

B(a, Be) 7Li reactions at elab =15 and 16.5 degrees, respectively,

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

11B target (enriched to 98%) was used and an ex-

fier. A 100 }.1.g/crn2
perimental resolution of 600 keV was obtained at a counting rate in the
AE detector of 19 kHz, which caused a 9% deadtime., One can clearly
see from comparing part (a) with part (b) of Fig, 3-6 that there is total
discrimination in the (a, 8Be) data against 7Li events, Transitions
populating the ground and second excited states (Se 74) of 7Li are seen,
Preferential population of these states is expected on the basis of cal-
culated a-particle structure factors (Ku 73). The measured cross-
section to the 7Ligs is 3.2 pb/sr c. m. at this angle, which, after allow-
ing for the detection efficiency (21%), corresponds to an absolute cross-

8Be*(2.9 MeV))

section of 15 ub/sr c.m. No contribution from the (a,
reaction (Ro 73, see also Cr 73 for a discussion of a method for detec-
ting 8Be* events) was observed, which is in agreement with the low
calculated detection efficiency (~0.5% ) for 8Be* events. The moder-
ately low level of counts above the 7Ligs peak is due to intra-beam-
burst chance coincident events that fall within the 8Be PI gate. This
level of background is indicative of the background contribution to

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

an absolute differential cross section limit of ~1 ub/sr c. m.
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D. Modified Identifier

1. Detectors and equipment

In the modified identifier, besides requiring a fast coincidence
and comparing the relative energy loss in the twin transmission detec-
tors,larger area detectors were used. These allowed the identifier to
be placed farther from the target while subtending the same solid angle
as before, and hence maintaining good detection ¢fficiency. At this
greater distance (D= 11.8 cm), more forward angles could be studied
and the contribution of the beam spot size to the energy resolution was
decreased.

A 13X20 mm position-sensitive detector2 was used which had a
position resolution of 0.4 mm, (= 0.1°) and an energy linearity of better
than 1%. Its 500 um depletion depth, in conjunction with a 110 ym twin
AE detector, enabled up to 70 MeV 8Be events to be detected. The
twin AE detector consisted of two fully depleted phosphorus-diffused
transmission detectors, AEL and AER, having 5.5X12 mm active
areas separated by a one millimeter undiffused region.

The experimental setup constructed for the modified identifier
is shown in Fig. 3-7. It consisted of a fixed collimator holder followed
by a AE and a E(PSD) holder all of which were attached to an aluminum
plate fastened to the lower rotating ring of the scatter chamber, The
telescope housing, shielding and electron-suppression magnet are not
shown here. To the right of the counter telescope is shown one of the
twin transmission detectors with low inductance strip leads. Align-
ment of the counter telescope components relative to each other and of

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

2. Electronics

To measﬁre Ithe difference in the flight tiﬁiés (ATOF) of the two
o,-part;lcile_s“f_rom 8Be‘deca.y, two fast i)reampiifiérs .are used, whose
first stages are mounted on the holder for the twin AE detectors.
. These preamplifiers are similar to the one described by Butler et al.
(Bu 70), but with a charge-sensitive (slow) outplif added to give greater
energy stability. -Tile FET in the first stage of'th._“e preé,mplifier is con-
hected by a 1.ow inductance strip to the surface of the detector. This
detector is made with a lb\?/ sheet resistance (<10 Q/cmz) and the shorf
direct coupliﬁg produces very fast risetime pulses (< 2 ns). ' |

‘].Z‘h‘e 110 ym twin transmission detectors ha'ye a low capacitance
(~ 70 pF), which gives al good signal to noise ratié{_. é-r_ld they hold é
voltage gradient (2 volts/um), which ensured fasié"(< 1 ns) collection of
thé d(le‘p04si.ted‘charge. As indicated in the block d_iagram of the elec-
tronics for the modified identifier (see Fig. 3-8)," the fast outputs of the

AE. and AER preamplifiers feed two constant-fraction discriminators

L
(CFD), which are connectéd to a time-to-amplitude converter (TAC).
The range of energy deposited in the AE detectors .by ‘a-particles varied
betweén 4 and 14 MeV, but no time-we_llk-with-arhpii:tlide'compensation
isvrequi.red for good time resolution, since 8Be events generate AEL

| and‘ AER sighals of approximately equal amplitude. By injecting charge
on the deteétor surface with a fast pﬁlser (< k1 ns rise-time), a sim-

- ulated »8Be event (AEL = AEp = 8.75 MeV, Eg=32MeV)gave a time res-
olu_ﬁon of 140 picoseconds FWHM. The division Qf.th’e AEL amplitude
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Fig. 3-8. An electronic block diagrba'n.l for the
modified 8Be identifier, |
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. by the summed AE L and AE, amplitudes to yield the ratio R is carried

R
out in a similar manner to the XE/E division (sée'_ Fi‘g. 3-4). Particle

- identification (PI), position (X), ratio (R) and time of flight (ATOF) gates
are set with single channel analyzers (SCAs) and éhefgy spectra, gated
by these, are collected on a Nuclear Data 4096 channel analyzer,

Gated PI, position, ratio and ATOF spectra are monitored during ex-

periments,

3. Background reduction

Fig.u.re 3-9 presentsa ATOF spectrum (AE‘L(stért) - AER(stop))
of e‘Vehts ofiginating from the same beam burst. These events, from
" the bombardment of a 1OB target with 72.5 MeV a»—'p'articles, weré de-
tected with Ithe modified identifier at elab: 24°, T{he symmetric double
peakbis due to 8Be events. Background counts are caused by fragmenta-
.tion reactions and random chance coincident events ;issociated with the
high counting rate of 25 kHz in each of the AE detectors (intra-beam-
burst rate 500kHz), The full width ét the base of the ATOF peak (~1 ns)
reflects the minimum energy (~30MeV) 8Be event that could be detected, ‘
and the central dip is the effect of collimation on the breakup a-particle
vélocity dis.vtribution. If the identifier had 100% def_éétion efficiency and
perfecf time resolution, then the ATOF peak wouié be fectangula.r with |
a W;ldth of Z,Atmax' This is most closely realizéd fbr 8Be nuclei emitted -
toward.the'center of the identifier. However, for ‘those emitted off cen-
‘ter, ‘the first part of the breakup cone that is 1oét through coll}imationv is
the edge. Therefore, most of the 8Be events emitted into the acceptance

s‘o,vlvid angle, that are not detected, correspond to the breakup a-particles
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Fig. 3-9. A ATOF spectrum, AE, (start) -AE_ (stop), of events
originating from the same beam burst. The ra%io of the total

background to ®°Be events decreases from 120% to 1% as var-
'~ ious SCA requirements are introduced,

[
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having approximately equél velocities, and therefor_e equal time-of-
fli.giqts, ‘hence the central dip in the ATOF spectrum.

Iﬁ the spectrum shown in Fig. 3-9, only 'e_'ve}.'.lts depositing more
th.an 10 MeV in the E detector, and satisfying a AEL - AER inter -beam-
_burs'f coincidence (27 = 50 ns) and AE energy SCAs_'.(set to eliminate
. 7 = 1 and 3 particles), were recorded. The total number of intra-beam-
burst background counts, expressed as a percentage of the number of
8B_'e events, is 120% for the above conditions (see (a) in Fig. 3-9). As
fuft.her SCA requirements are made: (b), (c), (Adﬂ), and (e), the back-
ground décreases considerably' with only a 25% 1oss in the number of
.8B¢ events which is almost entirely due to the setting of a restricted

X gate (X=X, +X . +X see Fig. 3-10b). The lowest background is

v L °°C R’
achie‘ved when the position signal is restricted to fall within the 8Be ac-
) ceptance é.ngle (X SCA); the PI falls in the calcu}_atéd_region for 8Be
.event.s (PI SCA); the ratio is close to one-half (RSCA), and the ATOF
signal cprresponds to a time difference < Atmax(ATOF SCA). All
' these conditions are characteristic of 8Be evenfs. With these require-

ments the total background in a 8Be energy spectrum is 1% of the num-

ber of .8Be events, at a counting rate of 25 kHz in each AE detector,

4. X, PI, R, and ATOF spectra
Figure 3-10 shows a particle identificat:ion_. and a position spec-
trum obtained with the SCA conditions discussed above, except that
their respective SCAs were not required. In Fig. 3-10a the PI spec-
_ trum is aominated by a single péak occuring in the expected location

for 8Be events (Wo 72) with very little background -above and below
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Modified SBe identifier
(a) Particle identification T'(b) Position spectrum
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Fig, 3-10. Particle identification (a) and "po‘s.i't_ion (b) spéctra
obtained with the modified 8Be identifier. . - ‘




-54 -

this peak. (The AE, - AEp coincidence requirement eliminates par-

L
ticle stabie nuclei.,) The peaking of the position Spectrum, shown in
Fig. 3-10b, at 24° (the angle of the center line of the divided collima-
tor! .’s post) arises because 8Be nuclei emitted 1n t.hi's direction have the
largest probability of yielding breakup a-particles which satisfy the
AEL - AER"coincidence condition.

A ratio spectrum, with the above PI and X SCA requirements,
is given in Fig. 3-11b. The double peaking in this spectrum corre-
sponds to that seen in the ATOF spectrum shown in Fig, 3-9. If the
lower velbcity alpha from a 8Be event traverses"_AEL and the higher
'vé.locity one traverses AER, this corresponds to a hégative time dif—.
ference in the ATOF 'spectrum. It also corresponds to arhi.gher AE'L
eﬁergy loss (dE/dx « E_i), and therefore a ratié greater thé.ﬁ one-half,
This equivalence is demonstrated in Fig, 3-11c (11)

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

is shown, The shape of this peak is closely prédi}c"‘c'e‘d as can be seen

from the calculated peak shapes for 45 and 65 MeV A-8'Be events given in

p’art‘ (é). These ATOF spectra were calculated with the program
EFFICR. (The asymmetry in the experimentally observed ATOF peak
of Fig. 11c (i) is die to a slight asymmetry in the position gates.)

| The relationship between the amplitude of thé ratio (R) and that
of the ATOF (T), il.lustrated in Fig. 11c (ii), der_n-ojnstrates that further
backgroﬁ.nd ;',eduction vis possible. Expressing R.‘#.RO+ AR and T = To+
AT, where Ro and TO corresponds to a ratio of one-half and to a time

difference of zero, respectively, yields:

AR« —AT-(E8)1/2. . (3-1)
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Fig. 3-14. a) Calculated ATOF spectra, AE (start) AER
(stop), showing the effect of the divided colhmator' s shape

on the relative velocity distribution, b) A ratio spectrum, v

_AE (AEL+ AE_), collected with the PI and X gates shown .
ig. 3-10. °C) Measured ATOF spectra routed by the ra-

t1o gates shown in part b). _ '
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This relationship could be calculated using a computer, Alternatively,
a go‘éd ana.];c')gue approximation would be to set an SCA about the sum of
Rand T, since the variation in (E8)1/2 is small f“.obrvv35-70 MeV SBe
events. = |

To reduce the effect of kinematic broadening on the 8Be energy
reéolution, fhree narrow position gates (XL’ X XR) were set (see
Fig. 3-10b). Each was equivalent to 0.4° and thé'_‘s'ummed gate (1.2°) |
had a detéction éfficiency (€) of 20-36% for 35—110 MeV 8Be events, In
additio.n, a thin target (100 p,g/cmz) was used and"_’r,‘b;c.ated to reduce the
combined effect of the differential energy loss iﬁ tilg target and the |
beam spbf size. |

A 8Be energy spectrum accumulated in two_hours' fi"dm'the
" B(a, ®Be) "Li reactionat | = 20° and E _= 72.5 MeV is shown in.
Fig. 3-12. This spectrum was obtained by sumiﬁin'g'the kinematically
corrected energy spectra corresponding to the three position gates.
Over 25 Me'\f of excitation in 7Li is observed, an.fl the main transitions
to the ground and second excited states are seen with better energy
resolution and lower background than was obtained with the simple iden-
tifier (see Fig. 3-6b). Also indicated are transitions to the 7.47 MeV;
5/2" and the 0.48 MeV; 1/2" states (the latter oniy'.pa‘rtially resolved).
' .The 5/2° and 1/2_ states are expected to be less IStrongly excited on
the basis of calculated q-structure factoré (Ku 73). The absolﬁte
éross se;tioh to the ground state is 18 yb/sr at this energy and angle.
The observed energy resolution is 400 keV and the counting rate in

each AE detector was 25 kHz, At this counting ré.te the deadtime

(observed with a pulser triggered by a monitor counter) was 35%.
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AY

Using the modified identifier, data could be collected at twice
the rate and with a lower background level than was possible with the
simple identifier (compare Figs. 3-6b and 3-1 2) '_‘_The average back-
ground level above the impurity peak in Fig. 3-12 ‘corresponds to an
absolute differential cross section limit of ~0.1 yb/sr c. m. Lower
cr.oss—vsectivon limits could be achieved if necessary by reducing the
counting rbate. There is no background from 8Be (2.9 MeV), when
using a modified identifier, because its large b_reékup Q-value coupled
with the restriction on the separation angle of the .1:\&0 a-particles im-
posed by ";he divided collimator causes ay and a, to have sufficiently

different energies that the ATOF SCA and R SCA requirements elim-

‘inate 8Be>ﬂ events from the energy spectra.

'E. Data Acquisition and Analysis

' During an experiment, energy spectra rbuféd by up to four
position gates were accumulated in four 1024 cha'nr_ie'l groups of a multi-
channel analyzer. At the end of a run these data would be transferred
to a PDP-5 computer and written on magnetic taipe. -Upon completion
of an experiment, a.nalysis of these energy spectrav was performed with
the interactive, Gaussian peak-fitting program DERTAG, (Ma 71), on
the SCC-660 computer. Centroids, widths and iﬁte_grals were obtained
for each peak. If energy spectra from a run were .t:aken with adjacent
position gatés, these spectra were kinematically shifted and sﬁmxned
with the program SUMSHIFT on the SCC-660 computer, This summed
spectrum was then analyzed with DERTAG and the results checked for

consistency agai'nst the results from the unsummed 'épectra.
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On light targets the low level density made. it relatively easy to

decide which energy levels in the product nucleus were populated. To-

check lével assignments and determine excitation energies, the pro-
gram LORNA (Ma 71) on the CDC 7600 was used to calculate the reac-
‘tion kinematics, absorber losses and an energy scale from a least-
squares _fivt to the experimental points. This version of LORNA was
modified to calculate the 8Be event' s absorber blo'ss"e"s which is accu-
rately given by twice the sum of the a;bsorber loss of an a-particle
which carried one half the energy of the 8Be nuc'ieu'.s‘ emitted from the

reaction plus one half of the breakup Q-value.
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IV, The‘orétical Considerations

In this section a simple diffraction model is considered and
h_armoni_c—_oscillator wave functions are used to describe the bound
state of the a-cluster in the target. Finite rangé and recoil effects
are included and a simple expression is obtained for the cross section

at high energies,

A, é.—Clusfer Transfer

Sin’c‘e' single-nucleon pickup calculations have been successfully
used to investigate sing‘le-part'icle aspectg of nﬁclear structure, it is
natural to attempt to obtain corresponding informaﬁo_n aBout correlated
four-particle clusters in the same theoretical framework, A.T'hus’ one
hopes that in spite of the a priori complexity of-t};%;. f...our-nucleon' pick-
up reactio_nv (a, 8Be), its main features could be .u-'hdérstood by._assur'n'—

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

‘the internal quantum numbers of a free a-particle, Since the incident

a-particle picks up an a-cluster from the target nucleus B, only the
component of the target wave function which has the form B = A-+qa is

treated as relevant,

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

the target and in 8Be are identical and the same as a free a-particle.

- For 8Be which is well described by two a-particles with zero relative

binding energy, this should be a good assumption. If the a-cluster in
the target is different from a free a-particle because it is bound to A,

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

B. Selection Rules

Since the projectile, the transferred cluster and 8Be all have
zero spin and positive parity, quite simple sele'cﬁon rules apply to the
(a, 8Be) reaction. The transferred intrinsic angular momentum (spin)

AS and the transferred isospin AT are zero:
AS = AT = 0. - ' (4-1)

The total.anguiar momentum J transferred between an initial (Ti) and

final state Crf) by four nucleons coupled to zero spin and isospin is

-

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

pressed as

Jf:Ji+L. : .(4—2)

As the parity change is given by

am= (-0 (a-3)
only natural parity states can be populated in the f}.in.él nucleus,

.If‘t'he four transferred nucleons are restricted to originating
from the 1p shell, then L can have only even vaiues (0, 2, 4) and the
parity of states in the final nucleus is the same as that of the ground
state of the target nucleus. For target nuclei ha"x}ing ground state
spins of 0 or 1/2, the transferred angular momeﬁtﬁm (L) is a unique
value for transitions to any state in the final nuc.lie'us. This result

makes the study of these target nuclei particularly interesting so as

to determine whether different transferred L. values give rise to
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characteristic angular distributions,

C. Direct Reaction Theory

T.il‘e theory adopted in this work has been .a_.dvanced and devel-
oped "eni.:irely by others and a number of exceilént 'and detailed accounts
exist elsewhere (Au 70, Gr 69, Gr 66, Bu 66, Hu 65, Hu 69, Hu 70,
Do 65, Do 70, Vi 68, Co 73). In particular Nagarajan (Na 74) has
adapted this approach to the (a, 8Be) reaction. A brief review of this

theoretical development is given below,
S

1 Transfer to an unbound final state

_Af first glance the (0,, 8Be)» reaction has the apparent complica-
tion that the exit particle is unbound. Howe'vei;, ‘this prdblém ca;n be
handled by well known theoretical techniques and in factv the particle-
instabiiity of '8Be considerably simplifies the theoretical déSCfiption
: of this reaction. Huby et al. (Hu 65, Hu 69, Hu :‘70, Co 70) and others
(Vvie6s, Be 68, Ba 69) have formulated the theory of nucleon transfer
leading to unbound states in light ion induced rea‘ctions.' The method
that has be.en used is either to describe the unbéund state as a quasi-
bound one or, if it is in the vicinity of a resonance, to describe it as
a Gamov state. Both of these methods lead to an expression for the.
transiﬁon amplitude which resembles the one f-_of fiansfer to bound
states, | |

Nagarajan (Na 74? has extended this théoi'y._to include heavy
ion induced transfer reactions leading to weakly bound (or unbound)

final states. This treatment can also be applied to reactions where
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the transferred particle is in a resonant state in the~ final system. An
example of this is the (a, 8Be) reaction where 8’Bve is composed of two
a-particles in a s-wave resonance at about 92 keV above the threéhold.
The relative motion of the two a-particles at lai-ge separatibn distances
can be described by a radial wave function which is more or less con-
stant over all space.

Since 8Be has a very extended wave function, it can interact
with the target at large distances where nuclear v':di.sAtortion effecté. are
small, In Fig. 4-1 are shown calculated vb'ourid‘s.tate wavefunctions

12C core and for two u—cius‘te'rs bound

(®) for an 'a—clu\stAer bound to a
tbgether by 100 keV; This latter wave function should be a good repre-
sentation of the 8Be ground state.one as it is not very éeﬁsiti‘v‘*e to
small binding energies. Fig. 4-1 illustrates thét there will be substan-
tial overlap of these two wave functions when the-ltwo mass centers are
separate'd"byl. 10 fermis and even at larger dista.nc_ves‘. due to the l'oﬁg tail
of the 8Be wave function, |
Becaﬁse of the strong absorption in the exit channel and the
large size of 8B-e, one would expect that the a—clus’té_r transfer would
occur in the asymptotic region of the 8Be wave f’uﬁéﬁén. In 'fav.ct the ex-
tended size of 8Be requires that it be formed at iarge distances from
the target nucleus. This can be seen by considefing that if 8B_e 1s
formed near the target nucleus, it will almost certainly be absorbed
before it ca‘n‘escape, Because of this effect only a-particles with large
impact parameters in the entrance chann‘el will coﬁffibute to the (a, 8_Be)

reaction. This reaction therefore takes place at lé-\;r'ge distances (~10.

fm) from the target where nuclear distortion effects are small,
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Fig. 4-1. A plot of the a-cluster radial wave functions (Ryp,)

of 160 and 8Be which shows the large overlap of their wave
-functions when their centers of mass are separated by 10 fermis,
The 160 wave function was calculated for an L=0 a-cluster in a
Woods-Saxon well of radius 3.1 fermis and with the depth adjusted
to obtain the known binding energy. The 8Be wave function was
calculated by the same method with a well radius of 4.0 fermis
and an assumed °Be binding energy of 100 keV, ' See discussion
in text, ‘ : Lo
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Although at these distances the amplitude of the wave function of the
bound a-cluster in the target is small, the long tai-l:of the 8Be' wave

function ensures a sizable probability for this reaction channel.

2. Born approximation

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

(A+a2) ta,>A+(a,ta

) (4-4)

1

where a direct reaction mechanism is assumed. Schematically, this
‘process is depicted in Fig. 4-2 where all coordinates are in the center

of mass syétem. The entrance channel consists of a, approaching B

1
along ?i where
M

?.:?-M“"r’. | - (4-5)

i 1

w

In its initial state a, is bound to the core A (internal coordinate ?1)

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

along 2 where

- — —
r = T - T

2 T Ty (4-6)

and T is the coordinate connecting a, and A. In the exit channel T

1 2

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

recedes from A along —ff where

T = 1/2 (T4T)). | (4-7)

The above reaction process depends on the probability that a,

scatters from B with a final momentum ‘Ef/z (one ha__lf of the momentum
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carried by .SBe). If the target a-cluster aléo has the momentﬁm T{}/Z,

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

gether in the same direction forming 8Be. The reaction probability -
therefore depend.s on the chance that a, has a mbmentum of.'Kf/Z in its

initial b.o:und ‘'state which depends on the binding energy of a, to A.

In the distorted-wave Born appfoximatidn, the transition matrix

element (s‘e-,é‘Gr 69) for the three body process de_picted by equation (1)

is given by -

T p o0 Kp) ~fdrf fdri Xy (RpTp) <‘I’A‘I’-8Be | Vaal®) o2 )

o (4-8)

X xi(+) (&, T,). |
The abox;e". éxpression is a six dimensional integ'ra'_lv a:.nd the potential
(Vq,A) .Whi‘;h, causes the direct reaction is the in_te;actidn in the entrance
channel between the bound a-particle (ai) and its core (A). The dis-
torted waves Xi(+) and Xf(_) describe the scatterir_ﬁg in -the entrahce and
exit channéls and the nuclear wave functions & aré e:fig'en-fu'nctions of
the initia.i and final state nuclear Hamiltonians, ATh!e'- applicabi_lit'y of the
Born appro’xifnation is based largely on the assurﬁpﬁgn'of a direct
mechanism. That is, the interaction bresponsible fér the transition is
assumed to occur only once and to last ~10-22 secénds (the nuclear

transit time for a bombarding a-particle).

3. Diffraction model
To make the above integral a more tractable one, advantage is

taken of the fact that nuclear and Coulomb distortion effects .a_re expected
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to be small. Because of the high-energy incident (Ea"" 65 MeV) anci
ex'it.particles (since Q ~ -8 MeV), itis assﬁmed that a diffraction
model employing plane-waves would give an adéquafge description of
the entrance and exit channels. This assumptior.xrvw_é‘s borne out by
several f'uvll‘-“recoil DWBA calculations using the Ipf'o'gram LOLA(De 73)
which gave .similar results to the piane—wave calculations (see Sectién
vV-I).

For simplicity the diffraction model of D_.o'dd_"a‘.n.d Greider (Do 69)
which avoids a parfial-wave expansion is used. ':'J.?,e_a-c‘a.use of the strong
vnuclear absorption or scattering of complex nuci"e.‘i‘_ ve/.ell above the" |
Coglomb barrier, the distorted wave Xi('+) (or Xf(—) .is 'represented in
configuration space by a plane-wave which vanishés inside a sphere of

radius R. For the exit channel of 8Be +A this should be a ‘Ve'ryvgood

representation, Thus the elastic scattering wave functions are de-

scribed by

Xq (ki’ ri) = exp (i k, ri) r.) | (4-9)
and

xf(_) (’1€f, ?f) =~ exp(-i Kf-?f)e (_;f) . : (4-10)

The momentum dependence of these 0 coefficie'nt's'_:‘is;heglected and the
effect of strorigv absorption in the optical potential .i's_ included by setting.
them equal to unity outside a sphere of radius R Iénd- zero inside, The
’c‘:utoff radius R is determined by requiring that angular momentum is |

matched in the entrance and exit channels and is given by

R = Zki/kf (Ra +Rp) e (4-11)
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where ki and k, are the linear momentum in the initial and fi_nal chan-

f
nels, respectively.
The above approximation allows one to factor the transition

matrix element TAa into the product of two integrals. Ignoring the

dependence of Gi(ri) and efo) on the vectors r_.i and T

Tpo & &) =8, @) Gﬁ(;).f | (4-12)

where the first factor ﬁo(a) is the distorted wave integral
B.@ :j d¥ 6, (r) 0, (r) e T - (4-13)

and the second one Gfi (-;i) is the form factor

-iKp- T, ' = |
v (r1)|<I>B§a>.dr1., , (4-14)

The linear momentum transfer @) and recoil momentum (I:R) are de-

fined as
q=%k-0R% (4-15)
and
kp = (Mq/MB) ki+1/2 kK, _ (4-16)

where Ma and M_ are the masses of the a-particle and the targét

B
nucleus, respectively. Physically, 21) is the difference between the
initial and final momenta of the projectile, whereas KR is the sum of
the latter quantity plus the momentum of the a-pai—'v"c_i;‘cle bound inside

the target nucleus. The finite mass of the transferred cluster is

i
)
!
i
i
i
i
i
i
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taken into account by the inclusion of a recoil phase factor in the trans-
fer function G..
| il ,

The first factor [30 (?:I) in the transition matrix element is a
radial integral (see 4-13) over the scattering waves in the entrance and
exit channels which can be evaluated using the technique of Vincent

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

2 2

ﬁo@) - 47| cos qR)]/q (4-17)

and its phase is determined by the product of the cutoff radius R and
the transferred momentum q.

Assuming that the target nucleus (A +a) é_a‘.h_be described by a
single-parﬁcle state of a three- dimensional harlmbvﬁic oséillaitox_', one

can make the following parentage expansion

ENEDS =Z By L7 (IAMp LM, [ToME)
| Hy TATIB
171

(4-18)

X RH(q)nﬂMiﬁg

The factors R; (r,) and YL M, (r ) are the radial wave funct1on and

Li(
the spherical harmonic funct1on, respectively, Whlch descrlbe the

bound state of the target a-cluster, Furthermore the 8Be wave function

can be written (see Na 74) as
sin (k2 5t &)

|2 y=0
Be © 0 ky T2

(2g (4-19)

which satisfies an addition theorem (Na 74) yielding as a final result
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(® |2 ) =~ X constant (4-20)
8pe ' © Naw | :

" where 92 is the 8Be — 2a spectroscopic factor, Utilizing equations

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

Cco o
G, ., () =—2 B (T M, LM, |T M.}
£,1i J,L, T AVATITLIBTB
N4 M A1 "B T
171
(4-21)
.7 /
- R 1
X fdrie VqA(ri)RLi(ri)YLiMi(—fi).

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

energy of
€=4(5/2 hw) =10hw. ' (4-22) .

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

state and because it has three degrees of freedom,
3 9 S ‘
E. . = 3(2 ﬁw)=5‘ﬁw. (4-23)
Hence the energy carried by the center-of-mass of the a-cluster is

| 1. |
ECM=11/Z o= (2N+L -3)how. (4-24)

Thus an a-cluster having angular momentum of 0, 2, 4 relative to the -
core is described by 3S, 2D, and 1G wave functions, respectively.
The integral in the expression for the form factor given in (4-21)

is defined as
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(}’1). ~ (4-25)

My

- 2 oy
}?‘L(kR)—jv r, dr, e VaA(ri)RL1(r1)Y'L1
Y% o

Since VqA(ir1) is the potential which yields the a-cluster radial wave func-
tion R; as a solution of the Schrodinger equatio_n‘»f

(T+V)R = -eR,, (4-26)

this permits one to write this integral in the following form

o0

. 2 KR'Ty - ~
Fi(kg)= 5‘ r,"dr, (T+e) e Ry (r,) YL1M1 (;1). . (4-27)
0 -
Integrating by parts
2 e _k .r . ) A .
_sRT 22 2 R 1 N Al
Fy(kg) = 30 (g + v >f e Ry, (), o () (4-28)
0 . 3 'l v
where )
p=M MA/MB (4-29)
and
yz = 2u e/ﬁ2 o (4-30)

and € is the binding energy of the a-cluster in the target.
The above integral is the Fourier transform of the target bound
state wave function and it gives the probability ampli_tude that the bound

R

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

a-cluster has a momentum k,. Thus the possibility that an a-cluster
the momentum distribution of that cluster in its initial bound state.

A more useful expression for the form factor is the following

2 2. 2 ' '
Fp(kg) = -(h"/2u) (kR +y°) YI%M1 (kg) RLi(kR) (4-31)

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

the recoil momentum and is given by

. o
. [2 L 2 .
R (k'R) =N = (i) f r, dr1 i (r kR) RL.(r1)° (4-32) |
1 1 i : -
0 .
R, (kR) can be evaluated using harmonic oscillator radial wave func-
1 S

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

rewritten as

[o¥)

2 2
G, =~ —= zg B J,M, LM, |JI M )(fl—)(k +v9)
687 o L JALiJB< A atyM I gMp) (57) kg

_ (4-33)
X Y M (kR) Ry (kR).
171 1
Summing over the initial and averaging over the final magnetic sub-
states and invoking the orthonormality of the spherical harmonics

yields the following simple expression for the form factor

-C8 2 o
- H 2 2 S SV v
G, =~ 0 (k. %+ NIXRI k). -
fi '\/‘T‘E (R Y)/—~ (R) (4'34)

L

The quantity NL is the probability amplitude (a-s".c__ructure amplitude)

that the target (A +a) appears in the form of ;1 nucleus A and an aq-

particle with relative an.gular momentum L. ' | - | ' *
With the aid of the above expression for the form factor the

square of the transition matrix element is written as



74 -

. 2 2 :
2 _C .2 2. 2, 22,2 2 2 _
TAd =2P (q) (—2;') (kR +v) 90 E NL' IRL(kR)I ) (4-35)
' : 1, S

Since the differential cross section can be expressed as,

M My ke 2
Q =1 _ . -36.
do/d (2111‘12)2 K, Taa’ (4-36)

utilizing equations (4-35) and (4-17) yields the following simple form

for the reaction cross section:

f 2 -1
dO’/dQ o= —2— -k—(kR'f'Y ) C 90 L1
o i
(4-37)
cos (gR) 2 2 2
X[ ) ) N R (k) [

.The two dominant factors in determining the shape and magnitude of the
cross section are cos (QR), which is a function df,tiie ‘transferred mo-
nientum (q), and the probablity RL(kR) that the targét\a-cluster has a
momentum kR. The minima of the cross sectioh are given by the zeros
of cos (QR) and this envelope is modulated by the region of RL(kR)'thaf
the reactién is probing.

Since the bound a-cluster in these experimeﬁts consists of four
1p- shell nﬁcl.eons, the 3S, 2D and 1G harmonic osgiilator wave func-
tions describe the a-cluster as having relative angﬁlar momenta ;af
L=20, 2 and 4, respectively. In Fig, 4-3 the probability amplitudes of
.t.hes‘e wave functions are plotted against the square of the recoil momen-

tum (k) divided by the square of the oscillator parameter (v) where

R



RNL(k%/Vz)

O rT T T T T T T T T T T T T T T T T T

0.8 | o o B

0.6t | —

5 10 15 20

v 2
(kR/ V) _
_ XBL748-3785
- Fig, 4-3., A plot of the probability amplitude that a bound a-cluster in the
target will have a momentum (kr) for 3S(L=0), ZD(L 2) and 1G(L=4)

harmonic oscillator wave functions. The abscissa is in units of the square

of the recoil momentum normalized by the oscillator strength function. See
discussion in text,
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WP M_-w/f. | (4-38)

Since kR’ is a function of the bombarding energy épd the reaction angle‘

(6

cm)’ it is ’clear from the shape of these curves that the magnitude of
the cross 's_ection depends on the region of the p;dbability amplitude
 that the reaction is probing, |

In summary, the above diffraction model includes recoil effects
and takes advantage of the fact that the a?cluste‘r_ is transferred at large
disfances from the target nucleus where distorti.on effects are small,
Thus plane waves can be used to describe the sc.a‘tté‘ring in the entrance
and exit channels which greatly simplifies the célculation\s._ (One-
should note fhat it ié assumed implicity that the core A (to which a, is.
_ bound) is particle stable; hence the theory might not be expected to

- correctly describe transitions to unbound states . of A.)
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V. Experimental Results and Discussion

The (a, 8Be) reaction was studied on both solid and gas targétsl
with realctiori Q-values typically of ~ -8 MeV, Thev_.ip shell nuclei dis-
cussed in this section were bombarded with a-particle beams of 63.2-
72.5 MeV frém the Berkeley 88-inch cyclotron. A summary of the ex-
periments is tabulated in Table V-41. In general the same relative
population of finai states was observed at the diffé;e_nt incident ener-
‘gies although at some energies weak transitions were obscured by
background ﬁot eliminated by the simple 8Be identi_fier. Qualitative
as well as quantitative comparisons with theoretical predictions are
discussed bglow as well as a comparison with (a, 2.a5 results é.t' Ea= 90
MeV, In addition, evidence for a direct reaction mechanism is pre-

sented.

A, 8BevBrea.k'up Distribution

In studying the (a, 8Be) reaction, we indire’éltly measure the
number of 8Be nuclei emitted at a partiéular angle by detecting the
decay products. For the measured cross sections to be frée of a sys-
tematic bias, it is important to verify that the events detected corre-
spond to 8Be, In this spirit several tests were c‘éffi'ed out to confirm
the isotropic decay of 8Be and the kinematic focussing of the decay a-
particles.

By measuring the relative efficiency for monoenergetic 8Be

12 8

events from the C(a, Be)8Be reaction for collimators of different

area, one can determine whether the detected a-particles have a
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Table V-1, Summary of the targets and angular ranges studied with the
(a, °Be) reaction plus relevant Q-values, beam energies and observed

final states.

Angular L
8 Beam 8Be sizgig:d . Final Observed
Target Q(a, Be) energy Identifer (6 ) nucleus energylevels
(MeV) (MeV) c,m.’ (MeV)
12, -7.4587 72.5 modified 39° 85e 0.0,2.9,11.4
12C -7.4587 67.3 simple 30°-70° 8Be 0.0,2.9
12¢ -7.4587  66.6  simple 30°-50° °Be  0.0,2.9
12¢ -7.4587 65.8  simple 30°-50° °Be  0.0,2.9
12g . -7.4587 65.2  simple 20°-75° OBe 0.0,2.9
12¢ -7.4587 63.2  simple 30°-50° OBe 0.0, 2.9
510, -7.2536  72.5 modified 29°, 34° 12C 0.0,4.4. 7.6,
9.6) 14.1
1(’oz'gas -7.2536 724  simple 25°-45° 1%C 0.0,4.4, 7.6,
9.6,14.1
510, 7.2536 65 simple  20°-80° 12C  0.0,4.4, 9.6,
| 14.1
10g _4.5524  72.5 mmodified 25°-70° 014 0.0,2.2
g  -8.7576  72.5 modified 34° 1 0.0,0.5,4.6,
' 6.7,7.5
g -8.7576 65 simple 20°-70° 'Li 0.0, 0.5, 4.6,
- 7.5
14 . . 10
N, gas -11.7054 721 simple  25°-45° B 0.0,0.7,2.1,
| | o 3.6,4.8,6.0
15N, gas -11.0830 724  simple 20°-55° 1lp 0.0,2.1, 4.4,
-2 | | 5.0,6.7




-76 -

radial distribution across the breakup .cone consistent with the expected
one. To carry out these measurements, remot.el}.r“vmovable collimation -
was employed which could place any of five different collima;cors ‘ma- |
chined in a single piece of tantalum in front of the éimple identifier,
Even though ‘the simple identifier was useci, a divided collifnator was
not necessary, because the (a, 8Be) Q-value is more positive than that

13¢. Since the differential efficiency

of the (a, 7L‘i) reaction on 12'C or
(de/dX) is more uniform across the 1° position gaté for an open colli-
mator than for a divided one, an open collimator is' the best one to
employ so as to minimize position résolution effec'fs.‘ (An open colli-
mator has approximately twice the efficiency (¢) of a divided one.
However, it has only an_."' 20% larger relative efficiency than a di'vided'
collimatc_)r. with a similar dependence of €rel on E:8 gnd D.)

In Fig. 5-1 are presented measured effi’c.ié:_ncy (€) points taken
with open circular collimators compared with cal}c',.u:lated ones, using
a1° posiﬁon gate. The good agreement between the-experirnéntal aﬁd
calculatedbvalues for two different 8Be energies cénfirms the isotropic
decay of 8Be. |

The kinematic focﬁssing of the a-particles -'f.rom the decay of
8Be nuclei causes the a-particles to be confined to a cone. To estab-
lish this focussing, transitions to the ground and-‘-f.ir.st excited states of

12 8

8Be produced by the "~ “C(a, Be)SBe reaction at Ed= 65 MeV and

elab = 25° were utilized. These transitions produce ~47 MeV 8Be nu-
clei which have a calculated apex angle for their breakup cone of 5.1°

+ 0,1°. Spectra collected using two different divided collimators of
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XBL 742-2316

Fig. 5-1. 8Be detection efficiencies at two 8Be energies
for open circular collimators of different radii. The exper-

_imental points are normalized to the calculated curves at

r = 4 mm,; statistical error bars are shown,
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equal open area and with post widths of 5.4° and 36°, respectively, are
shown in Fig:. 5-2. These spectra, accumulated for an equél'numbér
of uC, confirm the kinematic focussing of the two v.a-bf)articles follo@ing
8Be dec.a;y.. The inserts show the collirhator di;'ne‘insions relative té the
size of the 8Be breakup cone. The above spectra were collected with
a simplé identifier, a AE counting rate of 20 kHz, and a 2° cen.trallr

position g'ate,.

8

B. The 12C(a, Be) 8Be Reaction

1. Excitation function
To conclusively determine the direct nature of the (a, 8Be)’re—
action near 65 MeV bombarding energy, an excitation function of the

12 8Be) _'8Be(gs) reaction was obtained. Measurements in small

Cf(a,
angular steps were taken over the maximum in the a‘r}gular distribution
at GC. m., :. 35".(Wo 73) to see if the shape or mé{ghit’ude changed sub-
stantially with bombarding energy. Data measui‘éd at Ea= 63.2, 65.2,
65.8, 66.6,. 67.3 MeV are shown in Fig. 5-3. The angular width of
each daté. point is ~1°, and the error bars shown aré entirely statisti-.
cal. Upon examining Fig. 5-3, itis clear that the magnitude of the
differentiél cross section is 2 smooth and slowly d_e'c'iireasing‘flinction
of the bombarding energy. The shape of the two ébsér'ved maxima
seems to also vary slowly with the incident energy;

The above behavior is in marked contrast to that observed at
incident energies of 35.5-41.9 MeV (Br 65) for the differential cross

8 12

sections for the 16O(a, Be)

cited state of 12C. In the latter case, both the s_hapes and magnitudes

C reactions to the ground and first ex-

1
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12¢(q,8Be)8Be
E,=65MeV;6)q,=25°;300,C

| —
500 600
Channels

XBL7311-4591

Fig. 5-2. Energy spectra from the 12C(a, 8Be)8Be reaction
“taken with two different divided collimators to illustrate the

kinematic focussing of the breakup a-~particles. Depicted in

the respective inserts is the size of the breakup cone relative

to that of the divided collimator.
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emitted from the 12C(o., 8Beg. s. )8Bé g, reac-’
" tion leading to the 8Be ground state al%.'E(1

65.2, 65.8, $6.6, and 67.3 MeV,

=63.2,



-81-

~of the cross sections changed substantially causing Brown et al, to con-
clude that in this energy region statistical processes dominated direct

126(a, BBe)

ones. A£ the low bombarding energiés of 12-26 MeV the
'SB'e_Y réactiOn also seems to be dominated by". cofﬁpqﬁpd processes (Ch67,
Ma 72, Ja 73, Br 73). o

| In summary, it seems that in the region‘o‘f 20-40 MeV incident
ehe_rgies ;:orhpound processes are important for‘the (a, Be) reaction

mechanism, but at higher energies a direct mechanism is the major

process, substantiating the conclusion of an earlier study (Wo 73).

2. Observed energy levels ’
A ?Be energy spectrum of the 12Cv(a,_ 8B‘e)"8'Bé reaction taken
with the modified identifier at 0y, = 24° is shown in Fig. 5-4. This
spectrum was obtained by bombarding a 300 Mg/cm2 carbon target with
72.5 MeV a-particles and by summing the k_vineméti‘cally‘ corrected en-
ergy spectra from the three position gates. The: ‘éjb.s._erved energy res-
olution of the’ 8Be ground state peak in Fig. 5—4'i‘s_>450 keV(FWHM),
TransitiOné can be clearly seen to the ot ground and 2+vfirst excited .
_states. E'vidence is also seen for the population _b.f.»the broéd (FWHM
~7 MeV) 4" level at 11.4 MeV.
At a bombarding energy of 65 MeV anguiar distributions (Wo
73) were measured of the transitions to the grou.n'd_ _'aﬁd first excited
‘states of 8Be between Gcm = 20 - 80°. These daté ;x%éi'e taken with the
"simple.identiﬁer and at this bombarding energy onllyvtransitionsd;o O+

ground and 2t first excited states were observed. Transitions to the

4t 1evel at 11.4 MeV which were seen at 72.5 MeV were expected but
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' its.‘ broad width hindered their observation. Also, no population of the
2t (?nixed‘ isospin) states at ~ 16 MeV:was seen. .

Excitation énergies, spins and parities of t_he' levels populated
in 8B'e were as-signed by comparing the observed"eécitation energies
(see .Table V-2) to previously measured ones (Se 74). Kurath's cal-
cglated a-structure factors (Ku 73) predict approximately equal
st_:r.engths for transitions to the first three members of the ground state
band and the data are in excellent qualitative agféen’ient as these levels
are ‘all rhaae with the same intensity to within a féétqr of two. Inter-
mediate-coupling calculations (Bo 64) indicate tha‘t_‘-_'th'e mixed isospin
st_:atesv at '~16:MeV have a dominant single particle hature. An ﬁpper
limit of 20% of the ground state strength could be placed on the pdp-
ulation of these mixed isospin levels which is consistent wifch fhéir
ca_,lculated relative a-structure factor of 0.1.

o The above limit on the population of these.-_r'nixed isospin states
is in marked contrast to results obtained with the[‘(d, 6Li) and (3He,

: ?-_Be) r_eactions at incident energies of 55 MeV (Mc 71) and 120 MeV.
(Wo 74a), .res'pecti'vely. These reactions populatéd these mixed iso-
spin states with an integrated cross section equal to that of the ground
sbté..te.v ‘This large observed strength would argue'the'_ presence of sub-
s.vtantial contributions from mechanisms other thaﬁ a simple direct

3 o '

'process in both the (d, 6Li) and ("He, 7Be) reactiéné as these states

vshould be populated very weakly by a direct a-cluster transfer.
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Table V-2. Comparison of 8Be levels observed in the 12C(a', 8Be)SBe
feaction with previously reported ones and with theoretical calculations.

Relative Relative a-
11.C .
a) ) strength spectroscopic
Known levels Observed Ca.lcula.tedb at experimen- factors
levels levels tal first max- : ) This
MeV J" T MeV #*keV MeV J imum Theory™ work
0.0 of' 0o 00 50 0 o 1.00 (30) 1,00  1.00
294 2t 0 296 70 3.4 2 200 1.28  1.81
11.4 47 0 114 300 11.29 4 229 1.39  ---
16.63 27 0+ - 1443 2 <02 040  ---
16.91 2 0+ - '

a) These excitation energies are from Se 74.
b) Ku 73. -

c) These quantities were measured at Eo.= 65 MeV, unless otherwise
noted.

d) The quantity in parenthesis is the absolute differential cross sec-
tion in wb/sr of the ground state transition at its experimental first
maximum in the center of mass. o :

e) This relative cross section was determined at’-Ea:_ 72.5 MeV,
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3. Angular distributions

| Exﬁerimental a;ngular distributions of tranéitions' to the ground
and first excited states of 8Be at Ea= 65 MeV are .shownbin Fig, 5-5, |
The L =0 transfer to the ground state has a shape wBiCh shows the for-
ward peaking and oscillatory behavior charactei‘is’tic of a direct reac-
tion. T.he L¥ 2 transfer also shows an oscillatdi‘y-_b_ehavior with a
siighfcly'different phase than that of the L=0 tranéfer'. Only statistical
verrvor bars are shown and the absolute cross sectidns could be uni-
"_f_Ormly in error as much as 20%. The large error bars on the small
angle points for the L =2 distribution are caused by a strong back-
groin:'1d from the 12Cl(a, 8Be) 2a process. |

" Diffraction model fits (solid curves) to the ‘ﬁ"ata are also given
in Fig. 5-5. The L= 0 fit was normalized to thé:__ex;érimental points
at their s.ec;ond maximum and a cutoff radius (R‘) of:8..8 fm was re-
quired to br_eproduce the phase of the distribution. A radius parameter
(Rb) of 1.40 was used to calculate the form factor of the a-cluster in-

'12-C. ‘It should be noted that the amplitude of the third maximum

side
is closely predigted and that the overall agreernéht w1th the L = 0 trans-
fer»da»ta; is g.ood except for the two forward anglé b.'oi:nts.

For the fit to the L=2 transfer, R was fédu;ed by 7% to repro-
" duce the position of the first maximum of the distribution. This adjust-
ment introduced no amplitude change as is discussed later in Section
V-C. A theoretical relative spectroscopic factor (Ni(2+/g. s.)) of 1.3
(Ku 73) Waé‘ used vfor the L, = 2 fit otherwise all p’a}rameters were the

same as those used in the above L = 0 fit. Assuming that the diffrac-

tion modelvl correctly calcu15tes the kinematic factor, then better
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Fig. 5-5. Cross section data for (a, 8Bg) transitions
to the ground and first excited states of “Be at Eq=65
MeV with diffraction model fits (solid curves). See
discussion in text. '
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'avgreemeht' with the data would require a spectfos.;c;'opic factor for the
2t state relative to the ground state of 1.8 (insfeéd of the 1.3 used in

Fig, 5-'5)> wilich is ~40% larger than the theoreticél oné.. The agree-
.ment between the experimental and' theoretical a—strﬁcture factors is
_ fair considering that the 8Be(2,9 MeV) stateis unbound by ~3 MeV and
fhat the theory can not be expected to well desc.ribe"this unbound final

. state.

C. The 1°0(a, ®Be)t%C Reaction

1. Observed energy levels

8Be)izc reaction was investigated at two bombard-

The *00(a,
ing energies (65 and ~ 72 MeV, see Table V-1) with the bulk of the data
taken at -E’a = 65 MeV. At an incident energy of "f‘v..7-2vMeV both S$i0, and
oxygen gas targets were used and contributions_fro’rﬁ 28Si impurities in
the solid 'térget were determined to be small, A 8Be energy spectrﬁm
from a 220 pLg/cm2 Si'O2 target is shown in Fig, 5-6.

The observed energy resolution in Fig. 5_—67 is 400 keV (FWHM)
and transitions can be clearly seen to the groundj and first three ex-
cited states of 12C. Several small peaks due to 1'2_C and 2851 impur'i- .
ties in the target appear in this spectrum in the region of the 12'C
ground state and at excitation energies below 9 MeV and can be taken
as an indication of their contribution to the spectrum at higher excita -
tion energies. The 4+14.08 -MeV level in 12C is weakly populated.at
this angle, however, it was seen with large strength at other angles as
is sh.o'wn in Fig., 5-7. This energy spectrum Was:__csbtained with a gas

target at 0,,1, = 23° and a gas pressure of 0.28 atmospherres,r The
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Fig. 5-6. An energy spectrum from the 16O(o,, 8Be)1 2C reaction at 81ap = 20°.  The -
locations of possible transitions to all final states in12C below 14 MeV excitation are
‘indicated. This spectrum was obtained with a SiO target and the locations of several
transitions from 2855 and 12C target impurities are also shown. -

_88_



- -89-

00—
180 (¢,8Be)'2C ot
col Eq=721 MeV |
Bigp = 23°: 2050 uC L
i . i
o 60 L
_§ 4_'_»
o l
40} .
20 -
o L—atd Al

20 5 10
| Excitation energy

XBL7312-6980

Fig, 5-7. An energy spectrum from the v“.’o(a, 8Be)1 2C reac-
tion at = 23°, This spectrum was obtained with a gas tar-
‘get and the locations of transitions to all natural parity states
in 12C below 14 MeV afe indicated. o
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observed energy resolution was ~ 850 keV FWHM and was typical of
the poorer resolution obtained with gas targets; An upper,iimit of 5%
of the observed ground state strength at Ea"‘_' 72 MeV was set fbf tran-
sitions to the five known levels between 10 and 14 MeV excitation en-
ergy in 12C; Possible weak transitions to fhése le'véls' v?er"e obscured
by a rising continuum background and either a) i)d‘sjsible impurity
states ffom‘fhe solid target or b) the poor resol@;’ti’on obtained w1th the
gas target, |

16

The 8

O(a, Be)1 2C reaction was also studied at a bombarding
energy of 65 MeV and angular distributions were fheasured of the tran-
sitions to vtﬁ_e ground and first excited states of 12‘(: be“tween 9C'mi 20°
- 80°, A 255 pg/cm2 SiO2 target and the simplé i;d-eritifier wei‘e used,
At this beam energy as at the higher one, only thé' ‘0+ ground, 2+
first excitéd.and. 4+14.08 -MeV states were observed to be strongly |
populated. The 37 9.64-MeV state was weakly popﬁlated whereas the
ot 7.65-MeV level (observed with weak strength at E(1 ~ 72 MeV) was
obscured by background not eliminated by the simpie. identifier and by
a signifiéant'contribution from a 12C impurity in thé target. To deter-
mine the ﬁds sible contribution to the SiOZ data arising from 24Mg states
populated by the (a, 8Be) reaction on 28Si at this bémbarding energy, a
natural silicon target'wa.s irradiated and this contribution w_é..sdeter—.
mined to be,r small, The abdve data indicate that fhe (a, 8Be) reaction
| on an 166 target is quite seléctive in which final.s"tates of 12C‘ it pop-
ulates strongly. |

E'x_ci_‘_t.ation energies, spins and parities of thé levels pqpulated

by the (a, 8Be) reaction were assigned by comparing the observed
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. Table V-3, Comparison of 12C levels observed in'fhe»i'().O(a, 8Be)12

‘reaction with previously reported ones and with theoretical calculations.

Relative Relative a-

X '. a) | db) stren.gthc spectroscopic
nown levels Observed Calculate experimental factors

levels levels first max- : -This

MeV J™ T MeV zkeV MeV J mum Theory )work

00 of 0o 00 40 o o 10007 100  1.00

4.44 2¥ 0 442 40 4.6 2 194 5,56 3.4
765 00 0 767 50 135 0  ~13°) .25
9.64 3 0  9.65 50 ~--- ~14%) —n-
10.3 (0 o --- - <.05%)
10.84 1~ 0  --- —-- <.05%) -
11.83 27 0  --- —— <058 -
12,71 17 0 --- --- <058 -
13.35 (27) 0 --- - <.05%) -
14.08 (4 0 14.06 100 13.5 4 44®). 1049
| 15.7 2 .- .25
184 2 --- 217
23,7 4 - 1.15

a) These excitation energies are from Se 68,
b) Ku 73,

' ¢) These relative strengths are measured at Ea = 65 MeV unless other-
wise noted, S

d) The quantity in parenthesis is the absolute difféerential cross section
- in p.b/sr of the ground state transition at its experimental f1rst max-
imum in the center of mass, :

e) Thesevrelat1ve strenghts were measured at Ea ~ 72 MeV,
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ex‘citationA energies to known ones (see Table V-3‘). "If the (a; 8Be) is a
good a-transfer reaction, then thé states that it populates strongly
should be éohnected to the target nucleus's grduﬁd state by a large a-
structure factor. A qualitative comparison of observed st'r.ervlg-ths to
calculated a-structure factors will be given below.

Iﬁ Table V-3 are tabulated transition stre.,ﬁg'ths relati'\(e to that
of the grbund state at their experimental first méxir’na. To facilitate .
comparing cross ‘sections on different targets, the ab’solute dif_ferentvvial
cross section for the ground state transition at its experimental first
maximum is given in parenthesis in the relative strength column of
Table V-3. The las£ column in this table gives thg t_he.oret_ical a-
structure factors calculated by Kurath (Ku 73) rei:atiye to that of the _
12.Cgs" Cbmparing this column with that of the g;q;ez‘il_rhental relative
strengths, o‘ﬁ'e sees that there is reasonable qualifati'Qe agreement,
Of the four levels which Kurath predicts to have relative a-structure
factors greater than unity, the first three are populated stro_ng‘lry by
the.(a, 8Be;) reaction. The fourth level, which was nvot obsereci and B
is experimentally unknown, is a 4+ level predictéd: tc>>_noccur at ~24 MeV.
Since this.levél is far above the a-particle emissiovn_ thresihold at 7.4
MeV excitatio_n, it is almost certain to have a bro‘a'd‘ vﬁdth é.nd thus be
difficult té ex;;erimentally Observe. It should be no’céd that the 4t
14.08 MeV state is.pvopulated a factor of 20 less than_ Kurath' s a-
structure 'amplitude would predict. Some of this wéa_k relati'vé
strength can be accounted for by the fact that the. cross section de-
creases with the binding energy of the picked-up (l:l_us:.ter (s’ee. De 70),

that is with the excitation energy of the residual nucleus, .The 0" level
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éredicfed bv’y Kurath to occur at 13.5 MeV probably'éorresponds to the
known ot level at 7.65 MeV which is populated at a level consistent
with its calculated a-structure factor,

The p.opulation of the 3~ 9.64 MeV‘ state réqpires an L=3 trans-
fer for'the’ case of pure a-particle pickup. Such é :t:ré.nsfer"is impossi-
ble if all four transferred particles are in the 1p;sﬁell. However, this
,stat.e may'bé formed via known 2p-2h and 4p-4h :a‘dmix’aylres (Lo 66) 1n
the gréund state wave function of 160. Both the (d, 6Li) and (3He, 7]v3e)
reaction also populate this state with an aISprecia.:b,le fra.ction of the
ground stafe bstrength (see Co 72, Mc 71, De 70.)'." 'Aiternati'vely, sincé
the 3~ state could be made in a two-step processi,; the reiative strengtiq
of thi's_ sté._fé can be taken as an upper limit of the :lcontr'ibut_ion of such
a mechanism to the a-cluster transfer.

The above observations are in qualitative agreement with ear-

160 8

(o, ®Be)' ’C at E_=35.5-41.9 MeV

lier work (Br 65) on the reaction
" for the rélati‘_ve strengths of traqsitions to the g£oﬁnd and first excited
states. Hov?ever, at Ea: 41.9 MeV the 3~ state was i)opulated with
réughly thg same strength as the ground stat.e at the angles studied.

In contrast avt our bombarding energy of ~ 72 MeV; the yield to the 3~
staté was ~14% of the ground state yield. If theA population of the 3~

state is taken as a measure of the contribution of Z—Step processes,

“then this contribution is substantially less at high bombarding energies.

2, ,Axngular'distributions -
The experimental points for transitions to the 1ZC ground and

first excited states are shown in Fig. 5-8. (The small open circles
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cles are preliminary results from a recent experiment,

See discussion in text. '



-95-

are preliminary results from a recent gxperiment. ) Th.e L =0 angular
d'istribﬁtion shows the typical characteristics of a.direct reaction. It
has an oscill@.\tory pattern and is forward peakéa‘; 'falling off a factor of
't'en.from 30° to 60°. The L =2 angular distribution for the transfer to
the 2+_, 4.44 MeV state is less characteristic of a ’direct reaction. It
shows evidence of two oscillations separatea by a broad dip. At back
angles the L = 2 cross section is an order of mé.gr;itude larger than
the L = 0 “one.

Diffraction model fits to the data are also _éhown in Fig, -5-8,
.The L='(_) fit was normalized to the data at the first méximum of the
. dis.tribution"and a cutoff radius (R) of 9.8 ‘fm was chosen tq correctly
: reproduce the phase. A radius parameter (Ro) of 1.20 which correctly
givves the size of 16O was used to calculate the form factor of the a-
cluster inside 160, It should be noted. that the amplitude of the Se;:ond
maximum is predicted wéll and that the overall‘ _agfeément is fair,

Two L= 2 fits to the 2'-4.44 MeV data are shown. The solid
curve Was calculated using the same R and Ro as was used for the
L =0 fit, The L=2 fit predicts the 'obser‘véd maximum further back in
anglé than is experimentally observed, . Increasing R by ™ corr‘éctly
- predicts this maximum (dashed curve) with virtué_il_yl' no change in am-
plitude . - The amplitude of the calculated v&iffei';éntiaif-cros'é section
is ins.ens.:if.’ivv.e to small changes in R.

Both of the L =2 fits were calculated using the relative spec-
troscopic factor (Ni(2+/gs) = 5.6) predicted by Kurath (Ku 73) and the
svamé normalization as was used for the L=0 fit, Assuming that the

diffraction model correctly calculates the kinemaﬁi-c_al factor for the
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(a, 8Be) reaction then the data indicate a spectrqs_éopic factor of 3.4
which is 40% smaller than the theoretical one. It should be noted thé.t
a study of the 160(d, 6Li) 12C reaction gave a ratio of the integrated
cross sections for populating the 2t relative to that of the ground state
of ~3. If the kinematic factors in that reaction were sbimilar to those
seen here, tﬁis ratio would also give a relative .'spectroscopic. factor in
agreemeﬁt with that determined from the (a, 8Be.) reaction, _

Aithdugh the 4714.08 MeV state in 12¢ v.v_é.s '.c.>'n1y observed at a
limited numb'.er of angles, its maximum differentia‘l-crovss. section is
well detemnﬁned. Thus a relative a—stfucture factor (Ni(4+/gs)) .

of 2.1 was extracted which is a factor of five smaller than the ratio

predicted by Kurath,

D. The 1 QBv(o., 8Be)()Li Reaction

. Observed energy levels

10

'B(a, 8

An investigation of the Be)éLi reaction was carried out
at 72.5 MeV with the modified identifier. In Fig. 5-9 is shown a typ-
ical 8Be energy spectrum:which was obtained at a laboratory angle of
24° by irradiating a 150 pg/cm2 self-supporting 1A_O:.B"(-IQS‘VO) target. The
experlmental energy resolution was 500 keV (FWHM)

The above spectrum is dominated by transitions to the 3t level
which wou_ld be expected to be populated the strongest from calculated
.a-structure factors for 1OB (see Table V-4). No Ve.'vidence for transi-
tions to the 27 4.30 MeV and 1 5 7 MeV states or the T =1 states at

3. 65 MeV and 5.37 MeV was obtalned The predicted location of transi-

tions to these states are indicated in Fig. 5-9. The former two states
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Table V-4, Comparison of 6Li levels observed in the
reported ones and with theoretical calculations,

10

B(a, 8Be)6Li reaction with previously

~ Relative d-spectroscopic

Known le'velsa) Observed | CaléUlatédb) Averagec) b)
g : . factors
_ levels levels relative o P 2 - 2
MeV J" T MeV +keV Mey J  Strengths N, N Ny ZNp
0.0 1t o 0.0 30 0 1 .22 <.000  .004 ~.003
248 3% 0 248 30 214 @ 3 1.0030)Y 304 826 .339  1.00
3.56 07 1 --- ——- —-- —-- —-- e s
430 2t o .- 5.33 2 c— 054  ,033 06
537 27 1 --- - - —-- ——- . e-n
5.7 17 0 --- 5.06 1 - .004  .008 .01
264 47 4 —e- .- —-- ——- -—-- e -

‘These excitation energies _w_eré taken from S_é'» 74.
| Ku 73, TS B

These relative strengths were determined at Ea = 72.5 MeV,

The quantity in parenthesis is the absolute differential cross section in the center of mass
for this transition. '
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have small calculated a-structure factors while the latter two are for-
bidden by the AT = 0 selectioﬁ rule. An upper limit of 5% of the first
excited state's strength was set on the popﬁlatic_;ﬁ 'of,_these .le'vels. An
interesting feature of the above spectrum is the lar..'ge reaction strength
at high excitation energies (~ 15 MeV) which was .'observed at all angles
studie‘d.

| Aé can be seen from Table V-4, good overall qualitative agree-
ment with Kurath' s predictions is observed, (Sinée multiple L-trans-
fers are allowed, contributions arise from each‘ a.llo_wed L-value., In
Table‘ V-4 Kurath's spectroscopic amplitudes (NLz) ére tabulated as well
as a sum over L of these quantities (ELNLZ) whi;h have been normal-
ized to 1.00 for the 3+2.18 MeV state in 6Li. (A ‘Qefy similar proée-
dure is us‘ed for the 11B and 14N targets.) It should be noted, however,
that the ground state is populated with a;ﬁproximately two ordérs of
magnitude larger strength than is predicted by Kur;th. A similar dis-
.agreement w_ith Kurath' s predictioné was obser:ve'd‘.ilx_l investigations
with the (d,‘6Li) and (3He, 7Be) reactions. Both.'reé_.-ctions populated
the 6Li first excited state stronger than the gfouhd state, at
least one order of magnitude larger than the ratio' of theoretical a-
structure ampiitudes in Table V-4. No evidence was seen in either
reaction for transitions to other excited states in ~6'Li which is iféx—

- cellent agreement with the above (a, 8Be) resulté.'- -

2. Angular distributions
The angular distributions of the transfers to both the ground

and first excited states of 6Li are slowly varying and have an almost
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constan£ amplitude (see Fig. 5-10). This lack of obviou'sv direct fea-
tures may be due to the fact that multiple L tra'nsfer.s are allowed (see
Table V-4) because the 1OB ground state has a s'f)in of 3. In,>fact these
distribuﬁoﬁs show the same large back angle strength as the L = 2
transfers on 12C and 160.

.in‘the diffraction model described in Section IV, the contribu-
tions from different L .values should add‘incohei‘éx.ltly. Thus one would
expect an oscillatory envelope for the cross section which is modulated
by several ,.f.orm factors rather than one. These: multiple form factors
will cause some washing out of the oscillations from the individual L
transfers. However, diffraction model calculatiohs for the multiple L
transfers to the ground and first excited states ofv6L>i gave oscillétory

cross sections which failed to reproduce the experimental points as is

shown in Fig. 5-10 (solid and dashed curves). Thé magnitude of both

curves were normalized to the forward angle data points and these cal-

culations were performed using Kurath'!s a-structure factors, a radius
parameter '(Ro) of 1.4 and a cutoff.radius (R) of 8.7 fermis, The cal-
culated angular distribution for the ground state transition reproduces
some of the 6bserved back angle strength, This éalculated back angle
étrength 1s due to the fact that the a-cluster insi’.deA 105 45 weakly bound
(see Table -V.—i) and thus its wave function is more spatially_. extended
than those of 1ZC or 16O, 7

(An alternative explanation of the back angle strength of the
above tranéitions could arise from the (a, 6Li), re;'a;'ction con_sidering

this is such a light target. If this reaction has a lalifge probability at

back angles, then 8Be's‘., emitted in the forward direction v&.rillﬂ contribute
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Fig. 5-10, Cross section data for (a, 8Be)_tfansitions to
the ground and first excited states of bLi at E, = 72.5MeV
with diffraction model fits, See discussion in text.
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to the a-pickup cross section. (At forward angle_s'_..and Ea: 46 MeV the
(a, 6Li)gc_ro.ss section is a factor of 50 larger 'tha‘n”that of thé_ (a, 8_Be)
re‘actio’h"’(Zv_.e 70).) This contribution should be -srh{aH for 8.Be'_s emitted
at forward angles and increase with OC' m.* Thus the increasing con.—
tribution dﬁe to the (a, 6Li) reaction added to the decreasihg a-pickup
component could give a flat angular distribution if ".thevtwo cont'r_ibutions-
have similar magnitudes. However, at very forward angles most of

the reaction strength should be due to the a-pickup process'..)_

E. The -1'1B(o., 8Be) "Li Reaction
1. Observed energy levels

8Be)—zLi reaction was investigated briefly at Ea= 72.5

The 11B(cu,,
MeV-with the modified identifier and more c':omp'.zleitei_aly with the simple
identifiei' at Ea= 65 MeV. Representative specffa_ obtained at these en-
ergies aré -shown in Figs. 3-6 and 3-12 of Section‘I‘II. At 65 MeV, an-
gular distributions were taken of the strong t-rahsi“Acions populating the
3/2" ground and 7/2° 4.63—MeV second excited states of 7Li. These o
distributipn_s were rather structureless and quite fl?it (see Flg 5-11).
Weak traﬁ.sitions to the two 5/2" states at 6.68 and _ '.7_'._'47 MeV were'ovb—.
served af.only two angles, however, the large céﬁtinuum background
may havé obscured these transitions at other angl_és. ’.

8Be)7Li reaction

At an incident energy of 72.5 MeV the - ' B(a,
was observed at a laboratory angle of 20° (see Fig. 3-12). Strong
transitions to the 3/2” ground and 7/2” second excited states were ob-

served and moderate ones to the 1/2" first excited state and the two

5/2° states at 6.68 and 7.47 MeV (see Table V-5), ‘Due to the fact that
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that the gfbund and first excited state peaks We';é'pqorly resqlved there
is a lz;lrge uhcertainty on the strength of the trans’ifion to this latter
state. No states were observed above 8 MeV ei;citation_and an upper '
limit of ~ 7% of the ground state strength was placéd on the population
of such states. This limit is consistent with thg small calculated a-
structure factor for the 3/2° 10.25 MeV state and thé AT=0 selec'v’_ci.on
rule which forbids populating the 3/27, T =3/2, 11 25 MeV state.

Comparisons between relative observed :s;'t.rengths with theoret-
ical a-structure factors are somewhat difficult dué"t.o the allowed mul-
tiple L vélues. However, for “B the observed transition strengths are
qualitatively in agreement with the sumimed calculated a—strvuctur'e fac-
~_ tors for the allowed L values except that the first éxéited state .is pop;
ulated much stronger than one would expect (see Table V-5).

The above observations for transitions to the ground and first
6

two excited states are in agreement with a study of the 11B(d, Li)7Li :

reaction at 1 9.5 MeV. However, in contrast, the (3He, 7Bé)»reaction
" on this target populated both the ground and first excited states with
equal intensity and only weakly populated the 7/2” 4,63 MeV state at an

incident energy of 36 MeV (Br 72) which is inconsistent with the calcu-

lated a-structure factors and also with the (d, 6i;i)'ahd (a, 8Be) data.

2. Angular distribﬁﬁons

As was the case for the 10B target which also involved multiple
L transfers, the diffraction model calculations did not reproduce the
observed angular distributions to the 7Li ground and second excited
states. The experimental angular distributions ﬁvhi’é-h are shown in

Fig, 5-11 are generally to within a factor of two,

&i
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Table V-5, Comparison of the 7Li levels observed in the * B(a, Be) fLi reaction with previously

reported ones and with theoretical calculations,

Known le'velsa)b Observed _Calculatédb) Averége c) - Rela‘luvef:;fé):scgfosbcoplc

: levels- - . levels ] relative 2 o > 2
MeV J™ T  MeV  %keV MeV g Stremgths = Ny=  N;» N, Z Ny
0.0  3/2" 1/2  -0.04 50 O 3/2 1.00(14.5)%) 453 69 1,00
0.48 1/2° 1/2 .52 50  1.07 12 .29% .003 <.01
4.63 727 1/2 4.64 30  4.79 7/2 .57 A13 742 .75
6.68 5/27 1/2 7.40 219 : 059  .073 - .42
7.47 527 1/2  1.46 9.15 18% 078 045 A1
9.61 727 1/2 . — <.07%
10.25 3/2° 12 --- 10.87 <.07% 003,006 .03
: 11.82 | 013 .014
1.25 327 32 --< o <or® . e el e

a) These excitation energies were taken from Se. 74. .
b) Ku 73, .
c) These relative strengths were determined at Eo.:65 MeV, unless otherwise noted.

d) The quantity in parenthesis is the absolute differential cross section in the center of mass
for this transition,

e) These relative strengths were determined at E = 72.5 MeV.

-G071-
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Data from the (d,6Li) and (3He, 7Be) reactions at 19.5 and 36
MeV, respectively, show angular distributions of the ground'state’ transi-
tion that are forward peaked and fall off an order of'magnitude from
10-60° in the c. of m. The fact that the (a, 8Be.) reaction yields
rather flat .angular distributions may be due to a strong (a, 7Li) reac-
tion strength in the backward hemisphere, Comparing parts a and b
of Fig. 3-6, demonstrates that the 11B(a, 7_Liv)SBe reaction has a cross
section that is in fact 20 times larger than the 11.B_'('('1., 8Be)7Li reaction

at approximately the same forward angle,

8

F. The 1-41\.I(a, Be)1 0B Reaction

1.. Observed energy levels

A brief survey of the (a, 8Be) reaction on a 14N2 gas target was

carried out at an incident energy of 72.1 MeV with the simple identifier.

Three angles were studied between 6 =18°- 2_8° and an energy res- .

lab
olution of ~800 keV (FWHM) was attained with av'g'a'.s pressure of 0.33
atmospheif.es‘. Because the effective area of the PSD used was only
10X10 m, it was necessary to place the counter telescope close to the
gas cell wall to attain a large detection éfficien;:_y. This rést_riction
plus straggling in the cell walls and the extended _’;ar_get caused poor en-
ergy resolution, | |

In Fig. 5-12 is shown an energy spectrum_"gakén at elab: 18°

with the predicted locations of transitions to T = 0 states indicated. No

evidence was observed for the excitation of the T =1 states occuring at

1.74 and 5,417 MeV in accordance with the AT = 0 selection rule. Strong

transitions were observed to the 3+ grdund, 1+2,15 'MeV, 2+3,59 MeV
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Fig. 5-12, A 8Be energy spectrum from the 1_4N(d, 8Be)1 OB '
reaction at 01,3, = 18°. The locations of possible transitions to
natural parity states below ~6 MeV are shown (see text).
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states aﬁd to a state at 6.07% .06 MeV which are in qualitétive agree-
ment with éalculatcd a-structure factors (see Table V-6). The ob-
served state at 6.07 MeV probably corresp.tands. to the knovx./n 4Jr level at
6.02 MeV which has a large theoretical a—sfructﬁr_e_ factor.r Weak tran-
sitions were observed to the 1+0.72 MeV and 34:-.4.77 MeV states and no
evidence was observed for _the excitation of thev1+v'5.18 MeV ’state, which
is consistent with their small theoretical a—struéfgfe factors. No ev-
idence for the population of discrete sfates above ~6 MeV excitation
energy was observed, howe‘ver, the large level density and-poor res-
olution hindered this search,

The large background level above the groﬁn.dv state is.caused by
intra-beam-burst pileup events. This is a prodﬁ'c.t of the counting fate-'
of 15 kHz in each of the AE detectors and the high vvradiation fiéld'caused

by the beam striking the gas isolation foils.

2. Anglilar distributions
The data points shown in Fig. 5-13 span av've'_ry limited angular
range, and over which the magnitudes of the 'angulai' distributions for

the four strongly populated states are similar.

\

G. The 15N(<I1, 8Be)11B Reaction

1. Observed energy levels
15 8., i1 . .

e N(a, Be) B reaction was studied at an incident energy

15

Th
of 72,4 MeV with the same equipment described in Séction V—F N2

gas isotopically enriched to 99% was used as a targef. In Fig. 5-14 is

shown a typical spectrum of this reaction. The experimental energy
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" Table V-6. Comparison of 10g levels observed in the -
ported previously and with theoretical calculations.

N(a, -Be)i_OB reaction wit}i those re- |

Kno“_,n le_velsa) y Obs.érved : Calculatedb) _ -_Aver.agec) _ Relat1ve a- spelc);:roscoplc
: _ ‘levels - levels ‘ _ - rel_atiye _ factors . :

MeV " T MeV skeV MeV J _strengths Ny N N42' E N,
0.0 3" 0o 003 50 0.0 3 1.00 (7.0)% .034 1,901 1.00

72 1t o .90 ' 13 011 .348 A9
1.74 0 1 - - - cee e eee s
245 17 o 2414 50 238 1 69 228  .261 --- .25
359 25 0o 358 60 3.34 2 .74 .963 .50
477 3% 0 4.7 70 4.72 3 A1 422 010 .07
5414 2 0  --- - | --- --- —em mee e
547 2 1 - c.m .- e
548 1t o --- 649 1 S S 63 042 ST
502 25 0 - 553 2 o 001 .00
6.02 4" --- 6.07 5.72 4 .85 | 1.121 .58
643 37 cee --- e .-

a) These excitation energiés were taken from Se 74.
b) Ku 73.

c) These relative strengths were determined at E = 72,1 MeV.

d) The quantity in parenthesis is the absolute differential cross section in the center of mass
for this transition, :

-607-
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0 = o 1*;2.15 MeV =
5 © o , =2'359MeV
— L=0,2 0 4%,6.02MeV |
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Fig. 5-13. Cross section data for five (a, 8Be) trélnsitions ‘

to states in 10B. See discussion in text.
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Fig. 5-14. A "Be energy spectrum from the "~ “N(a, Be) B
reaction at 6y, = 19°.

The locations of possible transitions
to natural parity states below ~9 MeV are shown (see text).
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resolution is ~ 800 keV and strong transitions are .cvlearly seen to the
3/2 ground and 1/2° 2,12 MeV states of ' 1B, Wi’lich are consistent
with the‘ir.c'alculated a-structure factors (see Table YV—V7)'. The 5/2_
4.44 MeV and 3/2” 5,02 MeV levels are not resolved in this s_pebctrum
and were only resolved at eiab = 15°, Howe‘vey,. frqm the rn-e'asured .
excitation énergy of 4.50%.07 MeV (see Table AV—:?)_for the third peak
in the spectra, it seems that at all angles the 5/2° ,étate was populated
stronger than the 3/2" one, which is coﬁsistent with their thec}reticél
a—structuré factors,

No evidence was observed for transitions to the twopositivé
parity states at 7.30 and 8.00 MeV. Thus a third positive parity level
at 6.79 MeV was assumed not to be populated e-s’k;ex.i‘ though it could not
be seen "'duga_ to the strong transition to the 7/2_.1¢'Qe1 at 6.74 MeV.
This 7/2° ’sfé.te is made very strongly.at 6 =15° There is also

“lab
evidence that two states at 8.57 and 8.92 MeV are being made although

their weak strength and the large background hindered their observa- :
tion. Theor.etical a-structure factors (see Tabl,e'v V-7) would indicate

that they should be made with a strength similar to what was observed.

A 9/27 state predicted by Kurath to lie at 12.7 M‘eV"_a'.‘nd to have a large
a-structure factor, unforfunately could not be observed over most of
the studied angular range due to electronic cutoffs. A strong state of

broad width was observed at 6 = 23° and ~ 12 MeV excitation which

lab _
might correspond to this level. However, its nea;rr'i_ess to the elec-

tronic cutoff and the fact that it was seen clearly at only this angle

makes it uncertain that it is the above 9/2" state.

®;
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Table V—17.. -Comparison of '11B levels observed in the 1 5N(a, SBe)iiB'
reaction with those reported previously and with theoretical calcula-
tions. ’

Relative a-

a) Observedb) Calculatedb) Relative spectroscopic

Known levels levels levels - strengths - factors
MeV J7  MeV tkeV MeV J - Theory®
0.0 3/2°7 002 40 0 32 1'.0'(‘).(6_,3‘)(1) 1.00
242 127 240 40 4.4 12 .90 .50
4,44 5/2°  4.50 70  4.35 5/2 .88 . 72
'5.02 327 --- 5.39 3/2 - ‘ .26
6.74 12" 6.75 40 585  7/2 .59 . 2.68
6.79 (1/2,3/2) - S — ---
730 (3/2,5/2) --- a
s.00 342" --- c—— ---;..'.."_ -
8.57 ss/z‘_ 8.63 140  8.11 5/2 36 o A5
8.93 5/2° 10.69 5/2 . .20
12,00 --= oo 12.7 Y 1.25

a) _These' e_xcitation energies were taken from Se 68,
b) Ku 73. '
c¢) These relative strengths were determined at Ea= 72,1 MeV,

d) The quantity in parenthesis is the absolute differential cross sec-
~ tion in the center of mass for this transition.
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2. Angular distributions

In Fig. 5-15 are shown angular distribxlltiqhs ‘of the first four
peaks shown in Fig, 5-14. As the 15N ground stétev.has a spin of 1/2 the " '
transfers to.all final states correspond to uﬁique L ;/alues. The L = 0
_transfef bt.é the 1/2° 2.12 MeV state shows the mdst structure although - .

it has much less structure than the L =0 transfers to the 8Be or 1ZC ’

ground states.

Both the L= 2 transfers are flatter than the L =0 and show more
strength at back angles, Transitions to both the unijgzsol‘ved 5/2° 4.44
MeV and 3/2” 5.02 MeV levels involve L =2 transf.er's. Since the 5.02
MeV level was populated at <25% of the 4.44 MeV state's stréﬁgth at
elab: 15° ‘and they were not experimentally resolved at other angles it
was assumed that all the experimentally observed strength belonged” to
the 4.44 MeV level., It is interesting that this Lv'; 2_’ _‘transfer sh‘ows. a de-
crease at forward angles whereas the one to the‘.‘_'gvrou‘nd state has a con-
stant amplitude. Both of these L =2 transfers sﬁéw a greater strength
at back angles over thel L =0 transfer which is a common e};perimental
characteristic they share with the L =2 transfers to the 8Be é.nd 12C
first excited states. The L=4 tbransfer to the 7/2” 6.74 MeV is forward

t
peaked and shows no oscillatory nature over this limited angular range.

H. Relative Ground State Specfroscopic Factors

A'lthough good fits to the shapes of the expef-imental é.ngu_iaf dis-
tributions were ‘only oBtained for the L = 0 transfers on .12C and ‘160
targets with the diffraction model, it is interesting to see whetheur

this model would reproduce the relative magnitudes of the gréund state

to ground state transitions for the targets studied. ~In this 'spirit,
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Fig. 5-15. Cross sectionv data for four '(o., 8Be) tran-
sitions to states in 11 B, See discussion in text.
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diffraction model calculations were carried outv fovf the ground state to
ground .state transitions on 10, 11B, 12C, 14’15N, an 16O As there
was an undetermined normalization factor in the vdiffraction’ model
cross seétion expression, this factor was deteffnined by normalizing
the calculated cross sections to the experimentéfl :da_ta for the 16O tar-
get. Thg 'barameters R and R | used in these calc;ulations for A=15,16
and A = 10, 11, 12, 14 where identical to those used to fit the L =0 f;rans-
vfer data frorﬁ 16O (see Section V-C2) and 1ZC (see Section V-B3), re-
spectively, The ratios of the experimental to calculated cross sections
at the experimental first maximum are given 1n Table V;8. When the
expérimental angular distributions had no pronot_iﬁé._ed maxinriuin, an
average ‘va;lﬁe was used., If the observed transiti;)'.n éould be"'populated
by more than one L, transfer, the theoretical a-structure amphtudes
were used to calculate the contributions of the different L-transfers.

In this mann.er a summed differential cross section was obtained which
could Be éompared with the experimental one,

In spite of the above approximétions, this_ pvr'esc':riptioﬁ gave
relative b‘a-s_pec.troscopic factors of similar maghitﬁci_es to the theoret-
ical ones as is shown in Table V-8, Only for the (d, 8Be) transition to
the 6Li s do the experimental numbers disagree.with the theoretical
ones by more than a factor of three. (The anamolous populati_bn'-of
this staté by the (a, 8Be), (d,6Li) and (3He, 7Be) reaj_.jctions is discuvssed ‘ g N
in Section V-D.) The best agreement with the théérY' was obtained for
the 12C and'1.4N. targets which were determined fo ha,bve a-speétréscopic

factors relative to 160 of 1.6 and 2.4, respectively, compared to

Kurath's predictions of 1.5 and 2.4,' respectively, The good agreement
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Table V-8, Comparison of the theoretical and éXperimental ground
state cross sections for the (a, 8Be) reaction.

1 S, ' i S
Target Levels in L ¢ exp = —&XP 16 - eXp- 1%‘
final nucleus ' o ("7 0) cale. S (F70)
exp - a
16 12, | 0 1.00 1,00 1.00
v g.8 o
124 - 8Re 0 1.76 16 1.48
v g, s .
158 Aty 2 .44 07 1.92
g.s
lay 104 2,4 .49 2.4 2.44
g.s
g L4 0,2 85 0.5 1.44
. Tals
10 6

B Lig, . 0,2,4 .40 - 220. .01
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for the 12'C relative spectroscopic factor is very heartening because
both the shape and relative magnitude of the oscillations of its L = 0
‘transition were fit quite well by the diffraction model, However, be-

cause the diffraction model poorly accounts for transitions which have

@

multiple L-transfers and because only three targefs.were studied which
gave unique L transfers, further studies on additional targets are neces-
sary before the reliability of using the diffraction model to extract semi-
quantitative relative ground state a-spectroscopic factors from (a, 8Be)
data can be established. |

I. Comparison of Diffraction Model to Full F1n1te Range DWBA
with Rec01l ,

In the development of the diffraction model described in Séction
1V, it was postulated that the (a, 8Be) reaction occurred at large dis-
tances from the target nucleus and thus it was a’sspimed tﬁat nuclear _
distortior_l effects were small. In addition, becau_se éf the high ihcidént
energy (E(1 ~ 65 MeV), it was assumed that Coulérﬁ_b :distortion effec.‘ts
were also s;’riall'. To check the validity of these aséumptions;_ full
finite-range DWBA calculations which exactly treated recoil effects.

were carried out with the computer code LOLA (De 73). For the 12C

an 16O targets fits were calculated for the L = 0 (a, SBe) transitions
populating the 8Be and 2C ground states, respecti‘{(ély. These fits
(solid curves) are shown in Fig. 5-16 and it should be noted that the

agreement with the experimental data is good and that the above fits

are very similar to those obtained with the diffraction model.
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Fig. 5-16. Cross section data for L= 0 transitions to
the ground states of °Be and 12¢ with distorted wave
LOLA fits (solid curves). See discussion in text,
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To c“e.llculate the above fits, consistent paraméters Were used |
to describe the reaction on both targets. Since the results were found
to be insensitive to the magnitude of a small bindi_ng energy for 8Be', it
was assumed to be bound by 100 keV. To describe the q-elastic scat-
tering in thé'entrance channel, a 12644 o'pt-icalv:pp'tehtial was taken
from the literature (see Table V-9), For the éx;it channel 8Be optical
potentials were approximated by a potential of fwicé the stre.ng'th of the
one used to describe the entrance channel but with modified radius |
parameters, It Was. thought that since 8Be is weil described byvtwo
a-particles ‘that such a potential would adequateiy describe the exit
channel. This prescription gave good agreement.\‘;.vri‘th the II.;= 0 transi-
tions as was»'seen above. It was found that the LOLA fits were' sensi-~
tive to the strength of the imaginary potentials énd the radius p'aiam—
eter r_. The optical pararﬁeters which were used to obtain the ébove
fits are tabulated in Table V-9,

In an attempt to fit the corresponding L= 2. é,ngula.r'distfibu-
tions, the same optlcai parameters wer-e-used.and .t_he reSultin‘g fits -
are shown in Fig. 5-17. Upon comparing the fits in Fig. 5-17 with
those in Figs. 5-5 and 5-8, it is clear that the L =,.2 data are not any
better reproduced by these DWBA calculations than by dif.fraction.
model ones. Extensive variations of these parameters didvn_ot im-
prove the L = 2 fits and therefore relative grour.l.dvtoc first excitea
state a-structure factors (Sa(ix/gs) were not e};ﬁra_'éfed, Howe‘ver?
because of the good L= 0 fits a relative spectrés;:opic factor |
(Sa(1 2C/“)O)gs) of 0.53 was extracted from the ground state transi-

tions which is in good agreement with Kurath!s theoretical ratio of ‘.
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Table V-9. Optical-model parameters for the aand 8Be distorted waves.

E;i;;;r:ie (Exit) MZV TOR AR W __rOI AI C Toc
¢ fm fm MeV  Im fm fm
a 166 416 1.50 .55 24 ©1.50. .40 1.25
o - Y2c 116 1,50 .55 24  1.50 .40  1.25
8Be 12c 232 1.0 .55 48 1.0 .60 1.25

8Be 8Be 232 1.20 .55 48 1.40 .60 1.25
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Fig. 5-17. Cross section data for L=2 transitions
to the first excited states of SBe and 12C with dis-
torted wave LOLA fits (solid curves). See discus-
sion in text, LI '
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042 and t.he value of 0,43 which was extracted witl;_i the simple diffrac--
© tion model _caléulations.

'The. above agreement between the LOLA calculations and the_j'
' diffractioﬁ model for the ground state transitions 'validates to some
exfent the initial assumption that distortion effects are small and sup-
_ ports the choice of the diffraction model to describe the (a, 8Be) reac-
t_'lon‘mecha_.nism, particularly since prodigious amounts of computer
time are required for full finite-range DWBA ca{lcéﬁiétions with fecoil,

(LOLA caléulations were only done for the L= 0 and 2 transfers on

12¢ ana 16O targets.)

J. Comparison of (a, 8Be) with (a, 2a) Results

Since the (a, 8Be) and the (a, 2a) réact_ions_ é_hare the same en-

trance channel and have very similar exit channels, it is interesting
 to compare the results of these two reactions on 1-2_C and 16O targets,
A very prominent systematic feature observed in a study of the (a, 2a)

reaction on even-even p-shell and s-d shell targets at Ea: 90 MeV was

the predominance of the ground state transition at fhe symmetric quasi-

12 16

elastic angle. The (a, 2a) reaction on ““C and ~ O targets populated

the 8Be and 12C ground states a factor of two and fo_ur, respectively,

larger than their first excited states.

On the other hand the (d, 6Li), (3He, 7Be) and (a, 8Be) reactions

all preferentially populate the _8Be ‘2‘.9 MeV state larger than its cor-

responding gfound state and in particular populate the 12C 4.44 MeV

'state a factor of 3 to 4 times stronger than the 1_2C.g 5 Kurath' s and

Rotter!' s theoretical a-spectroscopic factors (Ku f7,3,v Ro 68) predict
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ratios of 1.3 and 5.7, respectively, for the folloWilj{g processes

~

S (1X/g.s.)
a 8Be

and
Sa(i X/g.s. )126

The relative theoretical spectroscopic factors av-.zjé"»c.onsisten't with ones
extracted fi’pm the two a-pickup reactions but are in dis‘agr.eément with
the (a, Za) .résults. It should be noted in support of the (a, 2a) data at
Eo.= 90 MeV that at an incident energy of Ea= 70 MéV this re‘.acytion gave
similar results on an 16O target (Ke 73). “ | | |

Tiie (p, pa) reaction on 12¢ and 16O targets at Ep= 160 _M'eVA
(Go 70, Ka .68) gave results consistent with the (d, Zq) results. Thus i-t.‘
seems that both a-particle knockout rea’ctioné givé consistent relative
population of states which is inconsistent with the a-particle pickup
results., Since the exit channel in both the (a, 8Be). and (a, Zd) reactiqns
would be identical if the a-particles were in a rei_ai;i*(re S state, it is iﬁ-
triguing to attempt to understand the different re‘stvl.ilt.sﬂ from the's'e> two
reactions in the framework of the diffraction mod.el:'.‘ If the diffraction .
model discussed in Section IV adequately describel_s'Atvhe (a, 2a) process,
then the relative strengths of the L = O and L = 2 transitio‘nsv depehd on
the momentum distribution of their respective a-cluster wave functions
in the target. The probabilitf amplitude for a pat_':ticular reéoil mo-
mentum (kR) can be quite sensitive to the angulaf._z'rrvloment.uﬁl that the

bound a-cluster has relative to the core as was shown in Fig. 4-3.

©
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Referring back to Fig. 4-3, it is seen that for kR= 0 the 3S

~wave function has a large probability amf)litude whereas the 2D and 1G

wave functions have probability amplitudes of zérd.'.. Since by definition

the (a, 2a) reaction at the symmetric quasi—elastié"angie leaves the

core in a state of zero recoil momentum (k= 0), it is probing the 3S

R

and 2D wave function at their respective maximum and minimum in mo-

mentum space. Thus for the (a, 2a) reaction at or near the symmetric

quasi-elastic angle the diffraction model would p'redict'a large L =0

‘transition and weak L = 2 or (4) transitions. This prediction is in

good account with the observed results.

In addition the diffraction model predictsi-_.t}.i_é;t at pairs of angles
(‘away from the quasi-elastic one) where the recoil momentum is larger,
that the L = 2 transition should increase in strength relative to the L= 0
one, Thi.s behavior was observed by Sherman (Sh 73) at forward angle

pairs where the magnitude of the L= 2 transfer was comparable to that

of LL=0,

In summary the diffraction model shows tha;t-the difference be-
tween the (a,‘VZo.) and the (a, 8Be) reactions is that.they are probing dif-
ferent regions of the bound a-cluster' s momentum distribution. Near
the quasi-el‘as.tic angle tfle (a, 2a) reaction is sensitive to small recoil
momenta whereas the (a, 8Be) reaction at forward angles is sensitive

to much larger recoil momenta,
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VI. Summary and Conclusion

A Ibroad survey of the (a, 8Be) reaction on ‘p-shell nuclei at
high bombarding energies has been presénted i,_n.-jS“evctvion V. This inves-
tigation was undertaken to determine if the (a, 8Be) reaction could be
understood in terms of a simple a-cluster pi'ckup pf_ocess which he?s ,

-been previously used to successfully describe the major»featui'es of the

6 3

(d, ~Li) and ("He, 7Be) reactions, Because the original (a, '8Be) ex-
periments by Brown et al. showed evidence of large non-direct pro-
cesses at Ea~ 40 MeV, an excitation function was obtained at incident
energies near 65 MeV which conclusively demonstréted the direct na-
turevof the (a, 8Be) reaction at these higher bombar.ding energiés.

A systematic feature which emerged from this investigation was
the strong population of only those states which are predicted to have:
significant a-structure factors. This selectivity is evidence that the
(a, '8Be) reaction proceeds via a simple o.-clustér‘v pickup’ process; The
relative population of states by the (a, 8Be) reaction on p-shell nuclei
was generally in good ag.reement with the previo_tis__lf reported (d; ~Li)
and (.3He, 7Be) results. However, a notable exception to this arose in
that no evidence for the population of the mixed isospin states at ~16
MeV in 8Be by the (a, 8B(.a) reaction was observéd whereas both the ¥
(d, 6Li) and (3He’, 7Be) .reaction‘s populated these levels sfrongly. : -
Since these states have a dominant single particle'nat\iire, the (a, 8Be)
was moré selective in this case at least in its relative population éf

final states in 8Be than the other two a-pickup reactions.



-127-

The occurrence of a cluster pickup mechanism greatly simpli-
fies the theoretical description. In order to extrac‘.c'a-spectrosc'opic
factors, the data were analyzed with diffractiohn"mbdel caléuiations,
Althqugh this model neglects distortion, Nagaraja_.nv has shown that
‘these effects should be small when there is an unbound particle in exit
.'c‘har_mel. 'This neglect of distortion was justified by the agreement ob-
tained between diffraction model calculations performed with plane
waves and several full finite-range DWBA calculations Whichb exactly
treated recoil effects.

Expérimental angular distributions for pur_.e:.rL:O and L= 2
trénsfers were observed to be quite different with the latter showing a
A>rn1ich larger strength at back angles. For single, L-transfers, the dif-
fraction rn'odelradequately reproduced the experimental dafa. However,
it failed to describe the shape of the cross sections for transitions in-
volving more than one L-transfef, indicating th_e_f,n'eed for further the-
oretical development. |

Usi_ng the diffraction model, relative groi-J.nd»s‘tate-o.-spectro—
scépic factors were extracted which are in qualit_aﬁ?e agreement with
the_:oretic;"al ohes (Ku 73). In add.ition the ratio of experimental spe_ctré—
séopic factors for transitions to the ground and first excited states of
both _8Be an‘d. 12C were within 50% ‘of Kurath's pfedi_ctio;ls- (Ku 73).

| In order to perform this spectroscopic stu_dy_‘ which involved
low cross vsec.:tions and the detection of a particlé‘—ur_lﬂ_‘s‘table. nucleus in
the presen;:'e.vof a high chance a-a background, a uhique 8Be_detection :

system was developed. Important design characteristics are discussed
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in Section II and with this technique high detection efficiencies (~ 30%),

excellent chance background rejection and good energy resolution were

obtained. This technique should greatly simplify the study of single and
8

, . . . . 8 ;
multi-particle transfer reactions involving Be, such as (9Be, Be),

(6 8 (9

tion would be of particular interest, because the transferred neutron is

Li, 8Be), anda (B, Be, ®Be) reac-

Be). An investigation of.'t_he
bound to the 8Be—core in 9Be by only 1.7MeV. THiis .this reaction should
have a very large cross secfion and might populate with appreéiabie '
strength states seen only wéakly in other heavy-ion single'—vnucleion
transfer _r_eactions. Since the deuteron is also wc'alély béu_nd, a com-
parison withl (d, p) results would be valuable. |

Many possibilities exist (Ro 73) for the eXte:nsion of this déte_c"—
tion techhiciﬁé to the study of reactions involving the emission of nuclei
in resona';nt‘ states. An immediate application might be to the study of
reactions emitting '"'pseudo diprotons! that were seen in studies of 70
MeV 3He on polyethylene with the Bol system (Da 71). IThere are a
large numbér of possible reactions of spectrosco'pié ‘interest involving
""pseudo dipfotons" in the exit channel, such as{'(pf,i‘.'Zp), (d, 2p),
(t, 2p), (3Iv-Ie;,v2p), and (a, 2p). In addition, nuclei far from Sta_bility
| ' 14

might be -in"\'zestigated (Ce 74) with such reactions as C(7Li, 2p)19Nv

or 180, 2p) 34Si.
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FOOTNOTES

1_Havar is an alloy consisting primarily of Co(42.5%), Ni(13.0%),
Cr(20.0%), and Fe(17.9%), with a density of 8.3 'gm/cm?’. Hamilton

Watch Co., Metals Division, Lancaster, Penn.

‘ ZOur positive-sensitive detectors were obtained from Edax.Interna-

tional, Incorporated.
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