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Reactions induced by heavy ions have been extensively studied in
recent time (see for example the recent topical'conferences);' Specifically,
direct reactions induced by heavy ions like elastic and inelastic scattering
and transfer reactions rely on rather complicated experipental techniques for
particle identificgtion and methods of'theoretical analysis. Thérezhas been
in recent time considerable érogress in both experimental feChniques and in
the understanding of the reaction mechanisms.A At present stage nuclear
structure studies with direct reactions induced by heavy iéﬁs should indeed
yield the informgtion people believed should be obtainable. The situation is,
however, by no means clear in all respects and there is considerable work to
be done on the new improved accelerators to establish the heavy ion reactions
as the spepific spectroscopic tool they are expectedvtb be.

I will at'first shortly discuss a few new experimental techﬁigués,
then show some rather specific examples of heavy ion reaétions Which show
their unique possibilities; and finally discuss some new concepts which were

developed for the understanding of the transfer reactions.
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"I. PROGRESS IN E}CPER.IMENTAL‘TE‘:CEH\TIQUES

The study of heaﬁy’ion reactions relies on an adequate identification
of the reéction products and on high energy resolution. It seems to be rather
obvious by now that the system which will have both, A coﬁplete identification
of the reactioniproduct, as well as the large solid angle and intrinsic energy
resolution to allow measurements with fhin targets - is the magnetié
spectrometer with a focél plane detector. Such a system is used at the 88-inch
cyclotron in Berkeley.l. In principle, four quantities have to be ﬁeasured fo
identify completely a particle and to determine its momentum (energy) spectrum. .

These quantities are: Z-nuclear charge; q-charge sﬁate of ion while
being analyzéd in the-magnet (at sufficiently high énergies~qn=.Z with 100%),
m-mass and E-energy or p-momentum. In the system used in Berkeiéy; a
resistive-wire proportional counter is placed in fhe focal plane. The
measurement of AE/AX, position (or radius p) and time-of-flight t, (using a
‘scintillator foil as start detector and a scintillator behind the proportional

‘counter) yields three parameters.

t

@ <%%) »~M2 (%)2;'@ %“?2; ©, Bp-t=% ;

Z2 M

or AE ~ E

Three parameters'arevusually sufficient at high energies and light projectile
masses. Figure 2 gives an illustration of the two-dimensional matrix of the
parameters AE/AX and t. |

With a solid angle of 1-2 msr sufficiently thin targets can be used

in experiments to obtain resolutions of 100-150 keV at 100 MeV particle energy.
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Figure 1 gives as an illusfratiop singie-nucleon transfef reactions induced by
160 and l?C on 208Pb. Still using é large éolid angle specﬁra of single .
nucleon transfer reactions with good resolutipn ére rathér expensive (in terms
of accelerétor time) compared to confenfional transfer reactions. Acceleratof
time can be saved in using'measurements'of'Y—rays. v -
A-recently2 applied method which embloys coincidences between Y-rays
and reaction products gives (with thick targets) an excitation function from
the shape of the Y-ray line. The Y-rays are affected by the changing Doppler-
shift due to the changing velocity as functi&n.of the depth within the target
substance. In the same way angular distributions have been obtained from the
shape of free y-ray in (130,120) neutron transfer reactions. Fiégre 3
illustrates in an\example how a complete angular distribution is obtained frqm
ohe measurement of Y-rays. In this case the Doppler-shift observed deﬁends on
the reaction angle. This_method is, of course, only applicable to excited |

states, however, is extremeiy efficient in terms of accelerator time. (The

angular correlation of the y-rays - if not isotropic- - has to be known.) -

vFinally the higher energy of the heavy ions from thé‘new accelerators
will bring considerable advantages for experimental and theoretical reasons.
Target problems which play a considerable role in heavy ion reactions becqme
less restrictive due to smaller energy losses. For many transfer reactions the
kinematical restrictions (as discussed later) become smaller and a large

abundance of reaction products is observed (Fig. 2).

II. SOME SPECIFIC ASPECTS OF -HEAVY ION REACTIONS

A. Nuclear -and Coulomb Effects in Eléstic and Inelastic Scattering

The elastic and inelastic scattering of heavy ions on target nuclei

with large Z, as for example of 160 on 58Ni or 208Pb (at 60 MeV or 104 Mev,
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respectively) exhibit features which are determined by a'strong Coulomb
interacti@ﬂ competing with the nuclear forces. ‘The signs of the two forces are
oppdsite‘and this fact leads to peéuliar properties of the elastic and inelastic
cross sections. Figﬁre L illustrates3 the shape of anguiﬁr distributiéns in
elastic scattering; the.real potential iﬁduces fine sfrﬁcfure in the grazing
region, where the.differentiai.cross sectiop deviates from Rutherford
scattering. 'Even more drastically the effects are‘seep in iﬁelastic'scattering
which depends on the derivati&e of the nuclear and Couidmb ﬁotentialsi“.fhex H
nuclear effect is now stroﬁgly localized (the derivétivé of'a.WOOQSrsaxon_,
potential is peaked aF the nuclear surface) and a cancellation oécursbat,g
given radius due to the opposite signs of the two terms. 'A proﬁouncéd dip is
thus observed in the angular distributions at the angle_where the scattering
orbit goes through'a distaﬁce in the interaction region where the cancellation
occurs (Fig. Sj. Both effects are extremeiy‘sensitive to details of the total

potential, i.e., to both the real and imaginary part.h

v

B. ‘Elastic Transfer

 Interference effects in themselveé are usually very sensitive to defails
of the reaction process. The second example also.invdlves interferenbes
between two éompeting processes. In elastic transfer, a transfer reaction of
the type A(B,A)B with B = (A + c¢), interferes coherently with the elastig
scattering A(B,B)A. 1In the center of mass_system the scattering angles are
connectéd by the relétion_eB =7 - GA. The two reactions are indistingﬁishable
and their interference gives rise to structures in the angulér distributions

5,6

which are similar to those observed in Mott-scattering. Using the

semiclassical description of the transfer process (see also section III)
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o (TT.-B) =P

tr °'e

o

total differential cross section

r - 8), with P transfer probabilify, we obtain for the

. N ) A+L : a2
Utotal(e) = | Tes 0y + () V%tr del(ﬂ - 8] ’

+
)A L takes into account the proper anti-symmetrization of the cores

(A - number of fermions in the core) and the symmefry property of the bound
state of the transferred particle c (% - angular momentum in the bound state).
For\‘Ptr = 1 and independent of angle the expression for Mott-scattering is
obtained. The interference structure depends on the Sommerfeld parameter

n= ZlZ2e2/hv Just.like in real Mott-scattering and, of course,. on the ratio
of the two amplitudes interferring (in Mott—écattering'the forward and backward
scattering aﬁpiitudes are equal yielding symmetry by 90° cm). In systems where
elastic transfer can occur tﬁe region of interfefénce is at those angles where
it has comparable amplitude with the elastic séattering. Figure 6 shows as an
illustratioﬁ the scattering of l9F oﬁ 180 and 160. In thesé systems transfef
of a proton and triton can occur. Two aspects of this example are worthwhile
to mention. 1) The exﬁraction‘of the spectroscopic information - the
spectroscopicjfactors for the decomposition of l9F into.triton or préton plus
16O or 18O core,bdoes not depend, as usually, on an absolute cross section but
on the shape of an interference pattern. 2) In the.present experiment6 the
ground state of lSF'was not resolved from closely lying states of 150 keV
excitation. However; as can be seen from Fig. 6, the small transfer cross
section is amplified due to the coherence with elastié.scattering. The
unresolved states adding incoherently (typical strength is shown by dotted

line in Fig. 6) just fill slightly the minima in the angular distribution and

do not affect the information in the data.
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These aspects in this type of experiment could be rather important
for heavier ions, because the energy resolution often will not be sufficient
to separate the final states if projectiles vith masses greater than 40 are A

involved.

C. Multi-Nucleon Transfer

A third important aspect of heavy ion induced direct reactions is the
possibility to transfer many nucleons or large amounts of nuclear matter.-n
Quite a few experiments have been reported where exotié_(ﬁeutrdn rich) nuclei
are produced in a high energy indﬁced transfer reactio_n.7 .The transfer of
many nucleons possibly has to be considered as a many step process. In a
semiclassical description the reaction will consist of a product of many
single probabilities (transfer of_x,iﬁdividual nucleons)

Gtr’=.Pl.P2.P3 cee PX-EF oél ‘.

with P, =~ 10711072,

The cross sections for multi-nucleon transfer‘reactioﬁs therefore are expected
to be rather small, unless certain correlation effects occur (see also section
IITa) and lead to an enhancement expressed in terms of enhancement factors EF.
Different correlated groups could be transferred one after the otherland
particular effects of two-step process will show up in these cases.

Typical two-step processes could be invelved in reactions like
(16 l3C) which could be viewed as a transfer of two protons and a consecutive
transfer of a neutren. Generally, the transfer of many nucleons will consist
of a coherent sum of many processes in which different substructures in the

16 1h

transferred nucleons can contribute (for example ( 130) or

(160,11; 13 16 13

N - ~°C) as p0551ble sequences for the ( C) reaction).
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Recent calculations8 for example have shown'thatjthe interference
between inelastic scattering before transfer and transfer before inelastic
scattering processes can lead to a flattening of the shape of angular
distributions (Fig. T7) (if thé interference is destructive). In this coupled
channel calculation the inelastic scattering is considered to ha&e a very
large probability, the transfer process is, however, bnly treated in first
order (CCBA).

The transfer af large amounts of nucleons has also to be viewed in
terms of macroscopic properties of nuclei as discussed by Swiatecki.9 Important
parameters in‘this regpept‘are the liquid drop paraﬁeter»ZZ/A; and asymmetry.
Figure 8 shows as an example the potential energy as functioﬁ of asymmet?y.

For two colliding masses, ml,m R fhere éeems to be a critical asymmetry ml/m2
(depending on ZZ/A) below which the lighter mass nucleus is eaten up by the
larger target nucleus - forming a heavier compound or residual nucleus - or for
larger values of ml/m2 the two nuclei redistribute their_masses in such a wa&
as to achieVe,a symmetric two-body configuration. These aspects will be
important for the formation of compound nuclei and the transfer of large

amounts of nucleons.

ITI. PROGRESS IN CONCEPTS FOR THE INTERPRETATION OF TRANSFER REACTIONS

A. Semiclassical Models and Window Effects

It has been realized more than 20 years ago by Breit and co-—wor_kerslo
that heavy ion reactions can be described by semiclassical modelé provided the
‘Spmmerfeld parameter N, N = leeez/hv is largé relative to unity. Ifn >>1,
the minimum distance in the relative motion becomes large compared to the

Broglie wavelength\k, using relation
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Y A O T T
R = x (l * sin 6/2) = nk (l + sin 9/2) ' (1)

Where O is the scattering angle and R is the minimum distance in the classical
orbit'determined by the Coulomb field. The semiclassical models assume thaf
the orbits can be described by classical equations and the transfer process by
quantal methods, i.e., it has only small influénce on the scatteriné‘path. It
has been réalized only recently that the classical orbit.description leads to
severe restrictions of changes of the important quantities, k, n, 8, if a
sizable cross section has to résult. It has been found.l)4 that sub-Coulomb

transfer reactions have only large cross sections if the minimum distances

Rl. and Rf. are equal. Thus, we obtain, Rl. = Rf.., as a condition which
min min min min :
relates changes in n and k in a reaction. An optimum Q-value is obtained

(as;umlng Gi = Gf)

. i Z2), - %%, o . _ o)
optl Z,Z, cM

which depends on the amount of charge being transferred in the reaction. This
relgtion still holds approximately at energies above the Coulomb barrier.
Modifications are mainly introduced due to possible large {or small) amounts-
of angular momentum transfer and due to absorption pfocesses. Thus, transfer
of charge between a light projectile and a heavy nucleus (lp, 2p o-transfer) is
always observed with negative Q-values. All other reactions with non—obtimum
Q-values (like pick-up of charge from a heavy nucleus) are strongly depressed.
Actually the cross secﬁion can be shown to depend on a few simple facfors which

can be discussed independently in a semiclassical model.ll For a given
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scattering orbit we have
L (8) = /5, Jo. - 070, 5(8) - P (8) - F(aD) (3)
an i’ Ri £’ "Rf t v '

The cross section depends on a scattering probability. This scattéring
probability is appropriately described by an average Rutherford cross section -

0(8) multiplied with the rates of absorption in the incident and final channel

/bi/cR . Gf/cRﬂ The factor F(AD) gives the Q-value dependence as function of
AD = IR;in - Riinl which is a measure of the overlép of the ingoing and outgoing

scattering states. Pt(R) is the transfer probability which is mainly the form
factor squared.> |

The three factors can be easily calculated numerically using the
semiclassical model. It has been shown;z that the‘elastic cross section can

be rather well desé¢ribed by an éxponential function of Rmin (see Fig. 9).

o= : ' (4)

l-e s RSR ; A=0.5fm
Similarly, it has been shown that F(AD) has a gaussian shape for large angles.

, .
F(AD) ~ ¢ AD/0RX : (5)

With o — the bound state decay constant determined by the binding energy EB and

reduced mass MC of the transferred particle, a = (2MC EB h-z) . The transfer

. probability is typically also an exponential as function of the minimum

disténce.
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-2aR/(aR)2

Pt(R) ~e (6)

These simple formula can help in many cases to study the chances of a certain

experiment. The strong Q-value dependence of the cross section which is

virtually contained in all three factors can give extremely small cross
sections in the regions of interest. Typical shapes'of‘these winaows are
shown™> in Fig. 10 (experimeﬁtal) and Fig. 11 (theoretical). Depénding on the
angle of observation, different factors in expression (3) determine the shape
of the Q-value window.

Any reaction product:which is emitted from the surface of the nucleus
(as a result of a direct or compound reaction) will have to follow a certain
trajectory which‘ié determined by the parameters: Charge product ZBZh’ radius
'RO where the particles originate (also absorption radius), and angle of
observation 6 . If the particles start with tangential velocity, their energy

in the final channel has to be determined by Eq.‘(l). The optimum Q-value in

this case would be
Q el o8 =2z em [1e—t—)-& . (7
opt?2 cm 374 sin 8/2 em

The finai energy consists typically of a potential energy part, which is the
Coulomb potential at Ro’ and a kinetic energy which is determined by the
centrifugal barrier (and 6). For an angle 0 larger Bo_the reaction yield as
function of Ef or Q scans the absorption probability and the transfer |
probability as function of minimum distance in a similar way as does the
variation of the scaﬁtering angle. In Fig. 12 a schematié representation is

given which illustrates the close relationship between the occurence of a
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Q-value window and an'angle Windoﬁ (for 6 > 60). Both valﬁes 6o and Qo = Qopf can_thus
be related to aﬁ absorptive radius Ro' At angles O < 60,_where the nuclei never
touch the matching.of.orbits of the initial and final chénnel és discussed for
sub-~Coulomb transfer reactionslh becomes the most important factor in determining
the reaction yield (Qoﬁtl)' '
In a purely semiclassical framework the angular momentum transfer is
fixed by the change of the parameters n, k, 6. However, in a reaction in théh
a determined amount of angular momentum is transferred during the quantum
mechanical transfer process between definite states, the fol;qwing

prescription may be used to determine the final reaction yield. The grazing

angluér momentum in the initial channel is determined by;

‘ : 2ni _
Loi B ki Ro 1+ k.R_J°? _ - (8)

10

Bi is given by Eq. (2).
This angular momentum will give the largest contribution to the reaction;

ine L_by L, - £ = T_;
determine £ y I - = Lgs

Lf =N, ctg Gf/2 for pure Coulomb fields. Having calculated Gf the ratios

O/OR(B) and the average minimum distance and F(AD) can be calculated. In cases

then calculate Gf using for example relation

of large mismatch, for example transfer of two units of chafge, we usually -

have ni >> 1 2 = 0 and Li >> L_, and we obtain ef << Gi. This actually implies

f? f
that the absorption in the final channel will be smaller compared to that in the

initial channel. The cross section will be small unless the grazing angle is

much' smaller than usually calculated (using R and Eq. (2)). The effects of this

decrease in n in the final channel can already be seen in (12C,llB) reaction on
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208Pb shown in Fig. 13 (Ref. 15). The grazing angle 60 stays constant as

function of Q value. This is in contrast to DWBA calculations (and simple
semiclassical considerations) with optical model parameters which allow
sufficient averaging over the initial and final channel. The data actually

indicate that the absorption in the incident channel dominates the process as

j 16

discussed above. Similar conclusions were drawn from work done at Oak Ridge;

.they actually found, that in the transfer of neutrons 208Pb(120,l3C)207Pb an

average orbit including the final channel is followed — leading to a shift of
60 as function of the Q-value.
Corresponding to Eq. (3) and Fig. 12 there is always one side of the

window which is determined by absorption with Rmin < Ro’ which implies 0 > 60

orE_ > Eo; and another side which is determined by the overlap of the scattering

f

. . . > . . .
waves (or classical orbits) with Rmin RO, implying 6 < 60 or Ef < EO

Generally, it can be concluded that the discussion of window effects as

function of Ef and ef have to be made with clear reference to the value of the

fixed variable (6f for Q-value window, Ef-— for angular window), i.e., on which
side of the window the relevant variable is kept fixed.

An illustration of the calculation of the Q-value dependence can be

16, 1L . L
0,7 C) reactions on 1 OCe, lh2Nd, and lhb'Sm. The ground state

given by (
Q-values change and the strength going to the ground states changes. In order
to compare reactions with the same conditions the factors for absorptioh, and

F(AD) have to be calculated. The result is P.(R) or P, (d ) (with

R = do(All/3 + A 1/3)) which can be compared for different target nuclei as

2
the quantity which does not contain kinematical effects or nuclear size effects.
' L
Figure 14 shows the transfer probabilities Pt(do) for the (160,l C) ground
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state transitions for different target nuelei. It is seen that the N = 82
nuclei Ce, Nd, Sm show an enhancement by factor 20-30 which is similar to that
observed in (t,p) reactions on Sn-isotopes (neutron shells in 108Sn-—llzsn

correspond to proton shells in lhoCe, lheNd, and lhhSm).

B. Finite Range Effects

Important changes in the reaction process compared to the previous
discussion are due to the finite mass of the transferred nucleons, also called

recoil effects. They are connected to the coordinates of relative motion

> >

r.

1°Ts (reaction A + (b + c¢) + (A + c¢) + b or A(a,b)B).

-> _++( /M)+ s
ri—r mc a rl r

> MA-') > NMA—r
r, = r r, = r

£y
which can be approximated by the distance between the two cores ;. This
approximation has been used extensively, because it allows a simple
calculation of the transition amplitude. At energies near the Couiomb barrier
when the wavelength of relative motion is large compafedix)(gg) |rl| the
neglection of these terms proportional to ri (or r2) introduce: only emall
errors because the change in phase for the scattering waves is small. At
higher energies, however, a complete treatment of all coordinates is necessary.
There are two main effects which come into play at higher energies.l'-{’l-8
A change in the contributing angﬁlar momentum transfers and loss of the semi—
classical conditions. At lower energies and large Summerfeld parameter n it was
observed that the maximum angular momentum transfer % is favored'by approximately

a factor of 10 over the smaller
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values. This fact can be understood semiclaséically by taking as a condition

for a large cross section that the veldcity of the transferred nucleon is
: A A, .
constant during the transfer process ﬁ—-+ §§-= 0; A — projections of the
1 :

internal angular momenta in the initial (21)-and final channel (12) on an
axis perpendicular to the reaction plane. Figure 15 gives a simplified -
illustration of the situation. The preference of the maximum £ transfer leads

16 15

to j-dependence in single nucleon transfer.19 Thus, for ( N) reactlons

the proton starting with j_ = 2 - 1/2 preferentially populates £ + 1/2 = s

states whereas ( llB) reactlons preferentially populate j_ states because

'the proton starts from a P30 orbit (see Fig. 1). Figure 16 gives ap illustration
of this j-dependence in single proton transfer reactions on‘208Pb for tﬁo‘energies.
As the relative velocity increases the transferfed_particle carries an

appreciable amount of the relative momentum (MeV/nucleon) and the picture is

changed, the particle will be transferred preferentlally in a different way

as suggested in lower part of Flg. 12. The j-dependence is thus mainly

removed at.higher energies (Fig. 17). For the extraction of spectroscopic factors it
becomes extremely important to célculate the recoil terms éroperly.ls’l8

More precisely, the complete finite range-description differs from the

17,18

previously applied no-recoil approximations in allowing the full space for
the coupling of the intrinsic angular momenta in the initial and final channel
re > . . .
L = jl - 32; [ Zl + Ié; Neglecting recoil terms, i.e., vectors proportional

+
to ﬁi-rl, reduces the non-local transfer operator to a local one, because

: N :

the additional dependence on vector ry is removed. The most conspicuous

difference between the two operators is, that if the particle m, is fixed on

the interconnection line between the two centers the local transfer operator
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has a "parity conserving" symmetry which yields the rule li + lf + L = even.
This parity rule applies fairly well at energies below or at the Coulomb
barrier, where the transferred particle has to be on the interconnection line

during the transfer process.

C. High Energy Reactions

The difference betweeﬁ.fuli finite range calculations and no-recoil-
approximations becomes impoftant at higher incident energies and is rather‘
drastic as illustrated in Fig. 16 by.the reaction 12C(th,l3C)l3N (Ref. 18).
Thé diffraction pattern which'is observed in some casesvin transfer reactions
between light nuclei, where only one parity in the angulaf momentum transfer
contributes, is damped due to the contributions of eqﬁal gmounts of £ = 1 and
£ = 0 in the present casé; At very high energies aﬁoVe tﬁe barrier, i.e., |
large valges of ki’ of 1arge values of energy per nucleon the angular momenﬁum
per nucleon Lo./Ma (this number depends on the size of the nuclei involved)
becomes very l;rge. It can be shown that inbthese cases final States are mainly
populated with lf ~ Lo./Ma' At small scatﬁering angles the main source of
angular momentum trans;er comes from the redistribution of the masses. This
éelectivity in.the population of final states is rather pfonounced and was
observed in one, two.and three nucleon transfer reactions on light nuclei.2
An example is shoﬁn in Fig. 18 for the three nucleon trénsfer 12C + ]'20‘-> 9Bé + 150
at three different energies. At higher energies states involving lafge angular
momentum transfer show up stronger and these states then have to be thé aligned

configurations of three individual nucleons with high spins. (The individual

angular momenta are parallel 21 + 22 + 23 = 2f; and 21 ~'22 ~'23 “’Loi/Ma.)
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Other important featﬁres of high energy induced heavy iéh reactidn$ 
are connected with the window effects discussed previously. Clearly the
semiclassical matching conditions involving Coulomb orbité and large n will
change eventually to the angular momentum matching conditions involving plane
waves and small n. The plane wave matching condition invblves.the condition
Li Q’Lf for the relative angﬁlar momentd, if the angulgr nomentum transfef 2
is small, or also ki R’kf. The wave number being k = v2E u h2, a decrease of
the reduced mass corresponding to stripping reactions (increase —-pickup) needs .
a positive Q=value (or negétive for pick up). This is in contrast to the
situation with charged pérticle tranéfer Vith large values of N where the‘
»optimum Q-value is negative. A broadening of the Q-value window can be expected
at energies high above the Coulamb barrier (see Fig. 19 as iilustration). Spectra

(160,15N) (160,180) reactionsgl taken at 140 MeV 16o on 208Pb or lhhSm show

of s

‘a. continuous baékground (Fig. 17) at higher excitation whose origin is unexplained.

There are indications that this background is particularly strong at small angles.2
This phenomenon could be connected with the fact that angular momentaA

in grazing collisions.beéome rather large at energies well above the Coulomb

barrier. Liquid drop calculation323 indicate that the maximum angular moﬁentum

at which a nucleus becomes unstable to fission is approximately. 80 h at mass

200. Figure 20 illustrates the calculations for different values of the fission

barrier. For reactions where the surface angular momentum-becomes comparable

or larger than the critical value of QII (Fig. 20) complicated processeé which

involve many degrees of freedom of many nucleons can occur. Single nucleon or

two nucleon transfer reactions in these cases should show features which are

not anymore compatible with inert core models usually applied. Qualitatively
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new phenomena could be expected in colissions and transfer processes, because
the limiting angular momenta correspond to internuclear distances where nuclei

overlap strongly.
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FIGURE CAPTIONS
. ’ . _ : 16 12 ) :
Fig. 1. B8pectra of single nucleon transfer induced by. "0 and = C obtained
using a magnetic spectrometer (Ref. 19).
Fig. 2. Two-dimensional matrix of parameters AE/AX and TOF for reactions
products from bombardment of 2085 ith 104 MeV 165, s l60(7+),
1 + . 18, + ' '
b: TTo(7h), e o(7).

13 12 )9l * (1.205 MeV)

Fig. 3. Angular distribution of the reaction Zr(
at 35 MeV incident energy derived from the shape of the free Y-rays (shown
as inserf in the figﬁre.' The cfosseS'on the full curve illustrate
typical errors (Ref. 2)).

Fig. 4. Deflection function (iﬁpact parameter p as function of scattering
angle 6) and anguiar distributions of elastic scattering for different
strength of nuclear potential (Ref..3).

Fig. 5. Angular distributions for elastic and inelastic scattering for l60

on 208P5. The minimum in the inelastic scattering to the 37 state occurs
at the angle where 0/0R starts to deviate from unity.. As shown in Fig. b
at this angle the real potential becomes tbe same as the Coulomb potential
(Res. b). |

Fig. 6. Elastic scattering of 19F on 18O and 16O at energies of Ca 5 MeV
above the Coulomb barrier. The full curve represents calculations including
the transfer of a proton (251/2) and a triton (ls), respectively (R?f. 6).
The dotted curvévcorresponds to non-interfering crdss sections.

Fig. 7. Calculations using-é coupled channels Born appfoximation for 2n-
transfer involving inelastic processes in the initial and final channel
(Ref. 8).

Fig. 8. Stationary potential energy of two nuclei as function of the asymmetry

(ratio of their masses) for different values of the parameter Z2/A (Ref. 9).
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Fig. 9. Ratios of elastic scattering cross sections to Rutherford scattering

at differeht energies and target nuclei transformed to a common scale,

. _ - 1/3 1/3 .
R ., = d (Al + A, ) {(Ref. 12).
1ko

Fig. 10.. Spectra of th and 120 nuclei from 160 induced reactions on Ce

C)

Fig. 11. Calculations (u51ng DWBA) of Q-value windows for the (
reaction on lh‘Ce at various incident energies and for different angulér
momentum transfer (Ref. 13).

Fig. 12. Schematic presgntation of vafiations of R .. with 6, (Ef fixed) or
with E, (forvfixed ef) énd the correésponding yiéld curves.

Fig. 13. Angular distributions of proton transfer (lec;llB) on 208Pb leading

209

to different final states in Bi. The full curves are DWBA calculations

(dotted curves are shifted to fit the data) (Ref. 15).
16, 1k
(70,7 7¢c)

Fig. 1b. Transfer probabilities Ptr(do) for reactions on various

target nuclei deduced using semiclassical modeis. The reactions on Ce, Nd
and Sm are enhanqed by a factor of ca 20-30 (Ref. 13).

Fig. 15. Schemaﬁic illustration 6f particlé transfer iﬁ a semiclassical
scattering orbif for small relative velocities (top of figure) ahd lafge

relative velocities (lower part of figure).

120(1hN,130)13N at 78 MeV and

Fig. 16. Angular distributions of the reaction
DWBA calculations illustrating the damping of the diffraction structure due

to contributions of angular momenta with different parity (2 =0 and £ = 1)

(Ref. 18).

6 15 N) on 208

Pig. 17. ©Spectra of proton transfer ( Pb at 104 MeV. and 1k40 MeV

(Ref. 15).
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Fig. 18. Selecti&ity in the three nucleon transfer réagtion
20+ 20 5 TBe + POy aue to varying amounts of the angular mdmentgm per‘
_nucleon~at-various incidént energy (Ref. 20). o
Fig. 19. Yield of a transfer of charge from light to heavy nucleus (stripping
reaction) as fupction ole—value and incident energy at the.angle of

maximum cross section (grazing angle). At high energies the Coulomb

dominated Q-value window has to change to corresponding plane wave conditions.

Fig. 20. Iimiting angular momenta for nuclei obtained from liquid drop

calculations. ZI - designates the angular momentum at which the fission

barrier vanishes for a axially symmetric nucleus (Ref. 23).

o



Counts /chon‘ne{

e
R,

80

40

20

200

{150

100

3C

Channel nurmber |
XBL726-3221

Fig. 1

o3 LBL-l§78
- Ex(Mev)
CHENN.. A O —
, 12 Iy 239 2f20
L ZC‘SPb(.ZC’ IB) C‘NBI 772 ]
. EC,2=78 MeV
o 8,_ =60°
i the, |
i L/ |
B 3pzaf. J
3P|/2,1 ‘ |
by »rrlh’ d "’“’"" w‘*ﬂ'{ﬂ \"j hn"d J z“‘ .
00 - 350
2C3Pb(160 ISN)ZCgai
Eol6:104 MeV .
- §.=65 _2f7/2 s
3p3/2
‘ 2fs,»
3 | U;IS/Z A
4 3P1/2 y ' lh9/_2
. .- }‘ ~,| q x] 1
i L L T R
ZCO 250 300 3:)0 400 450



500

400

(arb.)

AE/AX

300

200

100

~2.

, m/q _ »
28 26 - 24 2.2 20 1.8

LBL-1678

208pb+160’
cees C |  E, =104 MeV

o0 e s+ O b . o
teteeas o - 8_.=60

ec o 0P eeoco

000 .00+« (4 /6'> A
_\ . e8QE00eDD0 oo e 0(7+)
L ) : -eoooea?ﬁoee.. a‘
° 000e0HNVe DO . )
. XY . 09@’3’&5°OZ)°° b: /70 (7*)

TS \\Oo‘. «0OUIT0QI0D e . ﬂﬂ?(é+)

eooo *e 03N GIIDDD e
6020 € 000030300 oo

[ 290008 e it Do | h:/ZC(ﬁ..‘j

ee 0B & IS0 e
Of"‘_‘;%).o :

] 000060
\ 'S 00DV e0HBDe -
[ X 2 . e0DOOSd0eD LS

e 0O . 60 00O o
[ X- 3 J | LI 4 LR
oo . oo eCoocoe
e®000 'R N}
600060 oo h oo o P arS .
e OO0 O *c00 . o 00" .
00 o 0o 00D Q [ XaY-] 0
Y Y3515 X7 S WA 000D e

e0PGROOGONNs o000

e 0DOOOTEAFI> e se 00 :
+0 8031 XN » ae \
_ ce03INHGdecaoe
. o 0 E€HiDe eQe f N

€6 O o 0e0B0 e e 8D o
X I X J *o0 oo

*e00O o . e oo eSO e
o _\ooooo

\. s k :::g.:.\;':O \C

[ 3 2 * e L3 CO9de
\ 0 e . oego
[-X- X3
Y- XX \
©CO0de -~ °. B
© e o
* 0

i | L ) |

] T ] T I ] [ Lo |

400 - 300 - 200 100

T.O.F. (arb) ,
XBL 7

Fig. 2

(93]

(/)

l\)
(93}
o0



—
-

do/dn {arbitrary units)

-25- oo . LBL-1678

g
90— 13~ 121915 % |2
“Zr(°C,°C)Y Zr |E
1200 l 7220 E x.( keV)
1 1‘ 1 | 1 S : |
c° 30 800 90" 120° 150° 1807
., ' "~ Ocm

Fig. 3



e ' LBL-1678

3 P‘
HRLN
B B
{
i
= - 1
i
i
~ e -4
<4 8= B
L - 1 g P S I S X 1
8 3 Ll (3] 78 [ 3] tH ht] 25 p1] 3] ELY [1) 1 " L]
6.4 : Gcn
T T . T T Ce. ! 1 . H . T T 1 T [ T T T T -7 1 T T
O : ?a'
L < r g S B
13- 3 - 10
: 7
t
[ t 9
(c)
01— - ar= L
H
ws=35
1
b 4 L ]
i
. 1 .
! i
wew |
i Lo L
A} 25 3% -5 15 1 9%
ecn

XBL 733-265



e

27-

ol

IGO + ZIOSPb
E = 104 MeV

w1l

Elastic

sl

: ! :
7100 120

XBL726-3223

Fig. 5

| IBL-1678



9 ‘314

11T rr1 T TPl x
10l- e Elastic Scattering ®
TE T . 1 ek
- -, 180(19{:' 19¢)180 E X
~ Epag=33Mev . i
‘.‘-
Ot~ .. w t 3
. L . ". ‘ ” '0 pn
1 s, 3
Yoo
104: t T
: —_— ++ -
E ELap =30 MeV _/
- 3 -]
L: - .::
10k A ]
- e o 7
c ELaB=27 MeV -~ . ‘ 1
' SR B
o1 + -
IS U (NS U U SN N N N SO N U SO N S
o° 30° . 60° 90° 120° 150° 180°
" Oc.m.
O “

L L L D A P AL I D U L A A z
1= oo, 43
S %o _ Elastic Scattering ERA
- ‘e, 160 (19F, 19160 . - w
: ELap=36 MeV .’.. o
0.: %,‘ . n.-.vc. . o, . 3
E .'f . * o. ot : )
" ELag=33Mev PO ]
2
01)~ =
9] B
1 P ."..~~‘ . :
;. se N -
- z
o [ ELas=30Mev . o k
B _, . . 0..'..'.’__/\. [
7 f+ N
0.1",_ . / foge t Vi 5
1:>— o....oO.Q'....o..o'... : 'f 3
: - ST
[ ELap=27Mev S cots 1
o N "’ -
01 ' =
- ;
. v .
oottt 1L 4 b v gy

()
W
o
o))
o

90 120 150 180
Oc.m.

XBL 731-21

§L9T-141



—
BRSNS e B R R Y

S
p—

T lalll‘ ‘/\!

. P ERES o :
shﬁ i,.%)" T I & v Vg i ot '—'%

-29-

LBL-1678

T VT

1

Tt
§ I

T

T llll”i

T

ll'LJ

T I!..'AXYII‘II'T‘va. = r‘ —rTy vr]—:1'11111r]11| 117:[1’117[:1"-. ll_ﬁ“T'lIIlll T T
B 1 l LI I ‘

120 18 16 '
sa(Po, Vo) 100 mey

! 1 ! | | | 1 | ! 1 i i
lL'lLll]xIJlJLl"'A!‘L'""' - Lo L1 Al Ll A AL 4 F LA INUNEENES P leLL Al BN

Lty

CCBRA ——
Direct—-——- =

4

| I | l_llJJl

[ lllJ_IlL

1 lJllHll 3 !llll!ll

lJlHll

0

10 20 33 40 S0

0

Fig. T

60 70 ' BO 90

XBL 733-249



_30-.. o 1prea678

low ZYA o
Por. S
ENERGY

Fig. 8



~31- | 1BL-1678

Ql

0.0l

Ol

Ratio to Rutherford
O
I

{

i T L T T

i
H.I. elastic scattering
0 : . ~
. é?fga;s, 5 > . o — 1
\
! 1 . ‘.,..__l,__....-_..l__ —_,.__.[_,,__.__J_...__.“[*._.._;._N

22 26 30 34

XBL723-2610

Fig. 9



LBL~1678

-32_

1400¢ (1804CY42Ng — = — ~=( - 5 channels)

140c¢ (1_60,|2C)|44N q

E, = 64 MeV

6.

80

154°

|auupbyd 4ad Sjuno)

Channel

. XBL72l1-4424

Fig. 10



i 14 L} wd {; L \',.';
-33- | LBL-1678
'F T T j T 1 i - :
= %9%e ("0, “C) "*3Nd | ]
:" '91_?'50‘,‘ :
i ——— Constant Eg -
Variable Eg
£ 103 1
3 - o
> F X
s [ .
:..5_ i i
S [E6amev(z=2)s
o
S | ]
b
U -
0% E
- 1
a -
16° !
20

Q value

Fig. 11

XBL7211-4425



Yield

3k o i ' LBL-1678

9 constant
Ef variable

[ ! »- T
R¢Ro Ry R min. [b
I
1
1
M .
T
/I ! |\
! 'f —1L > E ‘constant
f + . .
E E E E, energy in finol )
< ° z ' chonnel 6 variable
o
!
/ .
l\
1
P! ‘
/' i i
N | . b
. 8, 6, Bem.

X5L733 -23865 XBL733-2359

Fig. 12



C_;

SRR A ISV

-35- | LRL-1678

2

N
E o fPo ("I EL= 78 Mev
1O 'Ex=0.00 MeV
E “thg

0.1
£ T
£ Ex=0.90 MeV
: LOE . 2f7/24 |
1O Ex=1.61 Mev -
= : 1
S
E o -
S 2 ;:
e 7 ]
G |.o=L Ex=2.84 MeV .
e E 2fs ]
/2 3
(7]
[%2]
S o+ l
© ]
1.0 Ex=3.12 MeV —;
F 3p3/2 i
O.IE' *—E
0-![—-— CEx=3.64 MeV
‘E / 3p%
0.0l ! =
. E
b _
[ | ! ! ' i I L I 1 | S I i

26 40 60 80 100 120 . 140
' Bc.m (deg)

XILTN-2009

Fig. 13



Transfer probability Py,

S,
w -

;35_

1—r|[nuxr]'

[ i ] ]
('SO, '“C) Ground state transitions

. N\
: '42Nd/\°‘}omsm

fE

l40ce

I

Il

- N E
. . :
- Yesr |
B [ ]
_v -, N 1
\o T~ -
V\MNi
: N T -
N _ o | ]
A | \ﬂ:e ]
i o d
' N
I D N B
4 15 16 7 18 19
d, [fm]

XBL7212-4960

Fig. \lh

- LBL-1678



M 197
e
o
“
*,
.
L
-
.
.y,

37 o : LBL-1678

N~ e

Ay = litmeveR; AL Z.;—‘,ffé—mc'v.-Ro

XBL733-2358

Fig. 15



do /da {mb/sr)

-38-

AL A2 (lyy 13\
o c(N,"C) N
SE A E=78MeV ]
L) ]
by /- _ ‘
e ! -
v \/ er:01 E
O 5 : W :
2 | 1
30 — \\/ o~ J
£ ' ’ pwsa ]
Lo S without recotl 3
S UNAY =
S \ Y 4 =0 only |
L '\‘A N R
ERUWAY S
T= Vi A E
b \ VAN - ]
05r N VN ]
1 \ /AW - ]
| gV
{. \ -Af\\ - -
:l : \ ; ( \
O_g,,__Componens [V \ -
£ of DWBA \iooov N ]
LB _ _ \ LY
GC3,__ R AL =0 \ ]
Eo—---Lp =1 v/ 1
! v
r : 1
L | N RSP S S |
10 20 33 40
Bc.m

Fig. 16

LBL-1678



[

Counts

vwv:t J 7,‘:;‘ j ¥ 8 ,) %._) l}
-39- IBL-1678
60— (MeV) : 6 4 2 0
‘ B T T T
Zéapb ( lSO,ISN)ZOSBi _ -.2f.,lz-\ Ihs,
[~} . ! 2
6, =40° tis, l
E,= 140 MeV ]
- 2f
40+ i ] -
i 3P3,1!
20} f -
e T
g
. 1 1 I 1 1 ﬂ L H L
' 200 250 300 350 400
400 - ¢ g,
208 oy, (164~ 15p1209 - i 7, |2
Pb (*°0,'*N)**Bi i, |2 |
-611=62;5°
300+ E1=IO4 MeV 2f, . N
]
3p3,,2_l
3oy, |
200]- | -
100 ) .
A ) . ' !"n’“‘. 5 LTI .
n&f‘kﬁ?m¢f#/ubrh&”ﬂﬁw*ﬂ%f“ ~1k}\

200 300

400
Channel '

XBL731 -2145

Fig. 17



QT 914

z
12 12 f |5,
e+ P > %8 + 0

P0(7.28).
72 MeV: 11° 15

200k Vi ir_o_Ls.._z.t_u |

5 E 0l(g.s.)

| L i {_"_9.._

i ‘ ) nh r,l’l?.e i J |l; | g], .

: l:': .x."?‘) tl:- \ ' {
" - nﬁ; h'{l ™ ﬁ[ "l }.\'id:}}hh_m__u__n_
10 20 30 40 50 60
' '2C 120 > 98@ +'SO
200 (")
14 MeV, 7.5 | ] 002,87,
Pol15.08)
i} *0(7.28),
. ‘ , 53215251
»ﬁmwmwmwwfw\»j UMJ\.A I L
50 60 70 80 90 100 1no
12c 126 5 9pe + 150 i
174 M (,_.‘v; 75° '0(15.08).
100 - | |
At sannd, 1 1 .
100 1o 120 130 140 150 160

o=

gLOT-TaT )



v

L

LBL-1678

“h1-

P fmare e

\

//ﬁn

Q>0

XBL734-2742

Fig. 19



_hoo o ) ~ LBL-1678

oo Lo o ]

|
e -
=

XBL7210-4342

Fig. 20



LEGAL NOTICE

This report was prepared as an account of work sponsored by the
United States Government. Neither the United States nor the United
States Atomic Energy Commission, nor any of their employees, nor
any of their contractors, subcontractors, or their employees, makes
any warranty, express or implied, or assumes any legal liability or
responsibility for the accuracy, completeness or usefulness of any
information, apparatus, product or process disclosed, or represents
that its use would not infringe privately owned rights.




TECHNICAL INFORMATION DIVISION
LAWRENCE BERKELEY LABORATORY
UNIVERSITY OF CALIFORNIA
BERKELEY, CALIFORNIA 94720





