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Heavy particles from silver targets bombarded by C heavy projectiles have been identified using a
counter telescope and bidimensional analysis of 6$ and 8 data. Energy distributions have been measured.
for Li, Be, 8, C, N, and 0 nuclei. Angular distributions exhibit a maximum which is related to the distance
of closest approach. The largest cross sections are observed for "B (—1p) and '3C (+1n) single transfer.
It is emphasized that the total cross section for the loss of a proton by the projectile is 60 times the cross
section for the pickup of a proton. The products of transfer reactions are mainly formed in excited states,
but the angular distribution does not depend on the degree of excitation, at least for the lowest excited
states.

C. DtTRODUCTION
' "UCI.EON transfer reactions with heavy projectiles

(Z) 2) have been studied mostly on light targets
in order to investigate their nuclear structure. The few
studies made on medium and heavy targets, done radio-
chemically, have been concerned with neutron trans-
fers. A large amount of work has been presented in
1960 and 1963 at the conferences on reactions between
complex nuclei, ' and it was shown that for energies
near the Coulomb barrier and for light targets, the
"tunneling" theory of Sreit and co-workers' provides
a good explanation of most of the results, both for
proton and neutron transfers. The theory proposes es-
sentially that the nuclei travel on classical Rutherford
scattering trajectories before and after the reaction. The
transferred nucleon tunnels from one nucleus to the
other and the largest probability. is obtained at the dis-
tance of closest approach R; =Z~Zse'/2eL1+csc(8/2) j,
where ZI and Zg are the atomic numbers of the inter-
acting nuclei, e is the electronic charge, ~ is the center-
of-mass energy, and 9 is the center-of-mass angle. '

But, at higher energies, large discrepancies occur.
Also more recent works have shown that proton and
neutron transfers behave very di6erently. 4 On heavy

. targets, the yields are much lower for proton cases
than for neutron cases and some radiochemical studies
have shown that the loss of protons by the target
appeared to be much less probable that the correspond-

'ProceeChegs of the Second Conference oe Jteacteorss hetweee
Comp/ex Nuclei, Gattlilburg 1960, edited by A. Zucker, E. C.
Halbert, and F.T. Howard (Wiley-Interscience, Inc. , New York,
1960); Proceedilg of the Third Conferewce on Reactions bethel
Comp/ex Nuclei, Asilomar, 1963, edited by A. Gheorso, R. M.
Diamond, and H. E. Conzett (University of California Press,
Berkeley, 1963}.

2 G. Breit and M. E. Ebel, Phys. Rev. 103, 679 (1956); 104,
1030 (1956);G.Breit, in Handbuch der Physi, edited by S.Flugge
(Springer-Verlag, Berlin, 1N9), Vol. 41.' J. A. McIntyre, T. L. Watts, and F. C. Jobes, Phys. Rev.
119, 1331 (1960).

4 V. V. Volkov and J. Wilchynski, Nucl. Phys. 92, 495 {1967).
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ing gain of protons. In other words, it seems much
easier for the projectile to lose one proton than to pick
up one proton. Very recently, Diamond et e/. ' have
used a power-law type particle-identifier system with
semiconductor detectors, in order to study the one-
proton transfers on several targets. They measured,
for example, the ratio "C to 03e using "9 projectiles.
The observation of the new ion was done more or less
at the grazing angle. These authors found (i) that the
proton transfer cross sections dropped by a factor of
2 or 3 as the Z of the target increased from Ni to Au,
and (ii) that the ratio o(+p)/o( —p) of the yield of
one proton transferred into the projectile to that of one
proton transferred out of the projectile decreased a
factor of 5 as the Z of the target went from 28 to 79.
They proposed that these two features can be under-
stood by considering the relevant potential energies of
the systems, which have been approximated by the
masses at infinite separation (Qo values), plus a
Coulomb interaction energy term important for heavy
projectiles and targets.

In the year 1960, an additional phenomenon was dis-
covered: multinucleon transfer, which occurs at higher
bombarding energies. Although the one-nucleon trans-
fer levels off at some 20-30 mb for 10 MeV per nucleon,
the yield for multinucleon transfer still increases at
this energy. Kaufman and Wolfgange have studied the
angular distribution for losses from projectile of (p2tt),
(2p3tt), (2p4n), ~ ~, and pick up by projectile of
(prt), (2p2rt), (3p3rt). None of them presented a
critical angle at which the differential cross section
reached its largest value, and multinucleon transfer
products were always peaked near or at O'. The expla-
nation given at that time was the "grazing contact
mechanism. " In a grazing trajectory, when the two

«R. M. Diamond, A. M. Poskanzer, F. S. Stephens, W. J.
Swiatecki, and D. Ward, Phys. Rev. Letters 20, 802 (1968).

6 R. Kaufmann and R. Wolfgang, Phys. Rev. 121, 192 (1961).
i267
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nuclei come in contact, transfer of clusters of nucleons
take place. As the volume of contact is excited, the
complete amalgamation of target and projectile is
avoided because the bond between them is kept weak.
After a transitory coupling, the remaining forward mo-
mentum plus the Coulomb repulsion causes a separa-
tion. The final product may have the same number
of nucleons as the projectile, more, or fewer. The trans-
formed incident ion continues its motion essentially on
a trajectory with a very small deflection angle.

However, subsequent experiments have shown that
angular distributions from multinucleon transfers do
not always display a monotonic increase in the di6eren-
tial cross section as the angle decreases. Kumpf and
Donetz~ have found maxima similar to those observed
in single-nucleon transfers in their studies of reactions
induced on '"Th by 22Ne ions. The same result was
obtained recently by Volkov et aL.' for the transfer of
'He from "C and '4N to gold targets at a,bout 40'. Also,
I.ozynski, ' in his investigation of reactions induced on
goM by j.40-MeV "Ne, found three peaks in the angu-
lar distribution. Wilczynski, Volkov, and Decovski"

7 H. Kumpf and E. D. Donetz, Zh. Eksperiln. i Teor. Fiz. 44,
798 {1963)I English transl. :Soviet Phys —JETP 1V, 539 (1963)g.

8V. V. Volkov, G. F. Gridnev, G. N. Zorin, and L. P.
Chelnokov, Joint Institute for Nuclear Research Report No.
E-7-4071, Dubna, 1968 (unpublished), Nucl. Phys. A126, 1
(1969).

e E. Lozynski, Nucl. Phys. 64, 321 (1965)~"J.Wilczynski, V. V. Volkov, and P. Decovski, Yadern Fiz.
5, 942 (1967) LKnglish transl. :Sov. J.Nuol. Phys. 5, 672 (1967)].

have tried to distinguish between a quasi-elastic and
an inelastic process, by considering, in the energy dis-
tribution of the transformed ions, a part corresponding
to a ground state and a part corresponding to excited
states. However, the separation wa, s purely arbitrary.

It seemed to us indeed interesting to study sepa-
rately angular distributions for the cases in which the
new ion is left in its ground state, i.e., when its kinetic
energy corresponds to the caicu1ated Qs value (differ-
ence of masses) considering the kinematica1 conditions
at a given angle, and for the cases in which the new
ion is excited to a given level. Therefore, we thought
that we needed a good energy resolution which could
not be obtained by radiochemical technics. Also, our
wish was to detect at the same time all the possible
ions produced at a given angle, in order to investigate
in identical conditions both neutron and proton single
transfers and various multitransfer reactions. We be-
lieved that the best method was to identify and meas-
ure the energy of the ions using a counter telescope.
The experiments we are going to describe were done
with "Cprojectiles (86 MeV) on a natural-silver target.
They are the first of a series in which we intend to
vary the energy, the nature of the projectile and the
nature of the target. Silver was chosen because of the
ease in making thin targets. It is true that having
equal proportions of the two isotopes 107 and 109 is a,

disadvantage. However, we believe that the results
depend to a rather small extent on the structure of the
target provided that its Z number is large enough,
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2. EXPERIMENTAL DEVICE FOR
IDENTIFICATION OF PRODUCTS

Heavy particles (Z&2) from the target were identi-
fied by two surface-barrier solid-state detectors. The
front one, entirely depleted, was 50 p thick and meas-
ured AEjAx. In the back, a second junction 450 p thick
stopped all heavy particles entering through the first
detector with a sufBcient energy. The aperture was
defined by a diaphragm of 4 mm diam placed in front
of the first junction, at 30 cm from the target. A thin
aluminium foil, 1p thick, protected the detectors against
the slow electron Qux emitted by the bombarded target.
The absolute intensity of the beam was measured by a
Faraday cup. A crystal was also put above the beam
at an angle of 40', and was used as a monitor by count-
ing carbon ions which were elastically scattered.

As is shown on the electronics block diagram in
Fig. j., signals from the detectors followed a linear
chain and a logical chain. In the linear chain of the
hE/d, x detector, the charge preamplifier delivered a
signal with a very short rise time (10 sec) which
entered into an amplifier where it was shaped. The
signal from the amplifier passed through a gate to the
analog-digital converter (ADC) AE. The same pulse
was also taken at the output of the preamplifier and
its height was added to the E detector pulse height in
a linear sum circuit. The signal delivered by the sum
circuit. was shaped and entered the ADC No. 2 (E con-
verter) after passing through a gate. Both gates bE
and E were opened by pulses coming from the logical
chain.

The origin of the logical chain was made of two time
pickoff (TPO) circuits associated with the two pre-
amplifiers. The pulses were very strongly differentiated
by a 3.10 'sec line. Then they passed through the
TPO device in such a way that it allowed low thresholds
for the pulse height (corresponding to a 3-MeV deposit
in the first detector and 1-MeV in the second one)
and, therefore, a very wide scale (between 1 and 80
MeV). Time Quctuations from one signal to the other

were shorter than 10 sec. Pulses delivered by TPO
circuits were sent into a fast coincidence circuit (2r=
6.10 s sec). The outgoing pulse entered into a slow
coincidence circuit (2r=5.10 r sec) as well as a signal
resulting from 3 monochannel selectors. Such a device
allowed, when it was desirable, to get rid of the count-
ing of very numerous events corresponding to elastic
scattering, as shown brieQy on the diagram of Fig. 1.

The pulse delivered by the slow coincidence circuit
was used to open the gates on the two linear chains.
Every event was coded as two''numbers, each with
10 bits (1024 per 1024 channels), and was stored in
two buGer memories containing'';256 positions each.
The contents of these memories were alternately trans-
ferred to a magnetic tape. Magnetic tapes were after-
wards treated on an UNIVAC 1108 computer in order
to obtain for each event the mass, the atomic number,
and the energy of the particle detected.

The Z identification was done easily by a compari-
son of the product

EXALT

of the data from each event
with the possible values of E)&hE corresponding to a
particular Z in the EghE plane.

The mass identification was more dificult. After sev-
eral trials, we decided to use the range energy relation-
ships. We called R(E, M) the range in Si of an ion of
mass 3f and energy E. For a given mass Mo, we had
at our disposal the experimental data from NorthcliGe"
on range energy relationships R~,(E). The curve was
expressed by an hyperbolic function n&E'+n2R'+
ngER+a4E+n5R+cx6=0. The coefficients were de-
termined by taking 5 points on the curve.

Now, for any mass M of,the same Z, we could ex-
press R~(E) in the form R~(E) =R~, (E)+F(E, M),
where F(E, M) is a function equal to zero for the
particular value Mo. Furthermore, we have made the
assumption, suggested by an analysis of Northcliffe's
curves and justified afterwards by our results, that
F(E, M) can be expressed as a product of two func-

"I.C. Northcliffe, Phys. Rev. 120, 1744 (1960); Ann. Rev.
Nucl. Sci. 13, 67 (1963).
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detector, it can be expressed as T=R(E)-R(E—hE),
where R(E) is the range in Si of a particle of mass M
and energy E and R(E—hE) is the range in the
second detector of the same particle which has lost
hE in the first detector.

Expressing as above R(M, E)=R~,(E)+S(E)G(M),
we had T=R~, (E)+S(E)G(M) —R~, (E—6E)—
S(E—hE)G(M) and, therefore, we obtained for each
mass M the particular values of G(M),
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tions with separated variables: F(E, M) =S(E)G(M) .
The way to determine the function S(E) was to take
a new particular mass, M~, next to Mo, and to use
again NorthcliGe's curve: We can write

R~, (E) =R~,(E)+S(E)G(Mg),

where G(M~) is now a constant. We have chosen it
equal to 1. Again the experimental curve for R~x
against E could be expressed by an hyperbolic func-
tion and S(E)=RM, (E) R~,(E) was obtaine—d along
all the energies. If we call T the thickness of the hE/hx
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Fzo. 3. Energy distribution for xxC xsC~ xsC, and 4Q ions. In
abscissa, Q values are plotted from right to left.

It should be noted that G(M) is equal to zero for the
mass Mo and is equal to 1 for mass M~. Functions E
and S(E) have been established with the help of North-
cliGe's curves for all Z values between Li and O. Then
it was easy on the computer to make a program which
recognized all the events and which attributed them
to different masses. For a given mass M;, we have
checked that all the events were accumulated in an
area very closed to an horizontal line when G(Mi) is
plotted versus the energy E. The good separation be-
tween two G(M) is demonstrated in Fig. 2.

If one compares the previous method with a particle
identifier, it has the great advantage to be valuable
over a very wide range of energies from 10 to 100 MeV
and a very large range of masses from 6 to 16.

3. EXPERIMENTAL RESULTS: MASS SPECTRA
AND ENERGY DISTRIBUTIONS

Mass spectra have been obtained at angles 8, 25',
30', 35', 40', 45', and 55' in the laboratory system.
An example of a mass spectrum taken at 8=30' is
illustrated in Fig. 2. The separation of each mass can
be readily done and it is shown that 'Li and ~Li, ~Be,
'Be, and 'OBe, "8 "8, and "8, "C, "C, "C and "C,
"N '4N, and "N are very well identified. A very small
number of counts were found in the area devoted to
0 ions and we can give the very low value of 10 "cm'
for the upper limit of the cross section for '2He transfer
reactions from the target to the projectile.

Therefore, the observed pick up by "C ions were
(+p2N) giving "N, (+pl, or d) giving "N, (+p)
giving "N, (+2N) giving "C, and (+e) giving ~3C.
"C ions were stripped of (—1n) leading to "C, (—p)
leading to "B, (—d or pn) leading to +B, (—2p)
leading to ' Be, (—2pn) leading to 'Be, (—ne) lead-
ing to ~Be. A charge-exchange process might be re-
sponsible for the formation of "8 and it is difBcult to
suggest a definite mechanism for 'Li and ~Li although
one might think of a breakup of "C.

For each nucleus, an angular distribution da/dQ
versus 0 has been drawn in the center of mass, but
we shall come back later to this aspect.

At a given angle, we have measured as accurately
as possible the energy distribution. In most of the
cases, an energy resolution of 700 keV eras achieved
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and interesting energy spectra were found. Instead of
a presentation of d'o/ds dQ versus the kinetic energy
of the observed ion, we have used on the abscissa scale
a quantity related to the excitation energy. The Q
value deduced from a measured kinetic energy of a
particular ion at a given angle 8 was calculated with
the relation

es= «'+ea+Q,

when e; is the incoming "C kinetic energy, e the meas-
ured kinetic energy of the product, eg the recoil energy
calculated through the momentum conservation rela-
tionship. Then Q included any sort of energy which
did not appear in the linear kinetic energy. If the new
product was left in its ground state and if no rotation
energy was transferred, Q=Qe was the mass balance
of the reaction. It is possible to recognize directly in
the energy spectra the location of a peak and to attrib-
ute it, for example, to the scattered ion and the recoiling
nucleus both in their ground states. Alternatively, a
peak may be attributed to the ion or the nucleus, or
both, in excited states. With this analysis, the energy
position of each peak was located at the same values
for all detection angles.

Experimental energy spectra shown in Figs. 3-6
exhibit very clearly several peaks. Because the levels
in Ag are closely spaced, it has been possible in most
of the cases to distinguish the ground state and a few

known levels of the anal N, C, or B nucleus. In all the
cases where the ground state could be clearly distin-
guished, its magnitude was much smaller than the
amount of other states. In other terms, nuclei N 13
and 14, C 11, 13, and 14, and B 11 are mostly left in
excited states after the transfer process. Now we would
like to describe some particularities for each energy
distribution.

The spectrum of "C exhibits below the very high
elastic scattering peak, another peak at 5 MeV which
corresponds to the well-known 2+ level of 4.43 MeV.
A third peak at 8.5 MeV might be attributed to the
fast decay from several levels of "N which are unstable
with respect to proton emission and were measured by
the detectors as "C ions.

The ground states for "C should be observed at
Qe=5.1 MeV and Qe=4.6 MeV, for ' r Ag and ' 'Ag,
respectively. The 6rst peak was indeed noticed around
5.8 MeV. Another maximum at 9.9 MeV might be due
to the 3.09 and 3.68 excited levels.

Outside of the ground state, located at approximately
5.5 MeV, two excited levels of "N at 2.3 and 3.5 MeV
could be responsible for experimental peaks at 8 and
10 MeV. As we have already mentioned, higher levels
are known to be proton unstable; "N excited nuclei
disintegrate before their detection and should have
been measured as "C.

Several excited levels were also observed in "C and
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4. ANGULAR DISTRIBUTIONS AND STUDY OF
TRANSFER MECHANISMS

Differential cross sections were found to be negligible
at angles larger than 50'. Because of experimental
difhculties due to the large yield of elastic scattering,
the limit in the forward angles was 25'. We have been
able, since these experiments, to measure ions down
to 8', but the new results will be published later on.
Angular distributions between 25' and 55' were ob-
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'4N in addition to the ground-state peaks. As a general
remark, the products of pickup processes (heavier than
the projectile) showed spectra with several peaks. In
contrast, energy distributions for the products of strip-
ping (lighter than the projectile) were smooth curves
without structure. This can be well understood since
excited levels free for picking up a new nucleon are
well defined and separated by large gaps, although
the loss of nucleons may correspond either to the filling
of any of the numerous excited levels in Ag, or to their
departure as free entities. The number of open channels
is therefore, very large. In this regard, it is interesting to
compare energy distributions for "N produced either
in a pickup process ("C+p) or in a stripping process
("N—e). Very recent experiments have been done
with N ions on Ag and both spectra are given in Fig.
4(b). It is clear that the important point is the way
followed by the transfer reaction and rot its final
product.

For a very large number of transferred nucleons,
the e. ergy distribution was spread over a wide range
between the AE detector threshold and a maximum
kii etic energy corresponding to the mass balance Qo.
Spectra for 'Li, 'Be, and "8 are given in Fig. 6.
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FIG. 6. Energy distributions for 7Li, Be, and "B (large multi-
transfer reactions) .
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the nucleus behaved like the ground state. So~e dis-
tributions are shown in Figs. 7—9. A somewhat diGer-
ent presentation of angular distributions transfer reac-
tions is to plot, instead of do/do versus g in the center-
of-mass system, do/dR; versus 2;, where E„„„is
the distance of closest approach related to the Ruther-
ford scattering angle

dr do cIQ cS

dR; dQ d8dR;„
Since

0
1 dRmin cosg8

b
sin gg

dRmin

16m do- .—sin'28,
b dQ

20 40 60
c. m.

FIG. 7. Angular distributions for single-nucleon transfers in the
center-of-mass system. "C "C, "N "B.

tained for each transfer reaction. When, in the energy
distribution, several peaks could be clearly isolated,
an angular distribution has been drawn for each peak.
To our knowledge, such distributions have never been
published before and we thought that an interesting
problem was to know if a particular excited state of

where b is related to the impact parameter p: b=
2p tan2g= ZqZ2e'/~.

Such an analysis shows in a straightforward manner
the value of R;n at which the transfer process occurs
with the largest probability. However, its correct appli-
cation should take account of the fact that 8 is the
angle at which the Peal ~on is scattered, whereas the
charge Z~ and the reduced mass p included in b belong
to the initial projectile. ln other terms, the analysis
is done for a pure Rutherford scattering of the projec-
tile, although the transfer of nucleons may have changed
the ratio p/Zq and the recoil nucleus charge Z2.

This is the reason why we have programmed on a
computer a more elaborate calculation for R;„values,
which is based on a simplified model of trajectories
shown in Fig. 10. When a projectile of kinetic energy
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FIG. 8. Angular distributions for
multitransfers.
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o;=2m&s~' and impact parameter p is scattered by the
target nucleus, it follows an hyperbolic trajectory in
the center-of-mass system. The transfer reaction occurs
at R;, and it is assumed that the Q value of the
reaction aGects the magnitude but not the dhrectioe of
the velocity. Therefore, a new hyperbolic trajectory
occurs which is governed by the new velocity, the new
charge, and the new mass of the 6nal ion.

The increase of velocity was calculated from the Q
value deduced from the energy distribution. %hen dis-
tinct peaks appeared, each of them was treated sepa-
rately with its particular Q value. For continuous energy
distributions an average Q was chosen.

prjoem'!fI

.m

torget

herfyrd'

jstory

l

I.5-
9

~ Be
6Lt

a 7Lt

ger
frcjre'tory

FxG. 10. Treatment of the Coulomb scattering in the center-
of-mass system. 8p is the experimental scattering angIe. 8@ is the
scattering angIe for a pure Rutherford trajectory.

0.5-

distance' corresponds to grazing trajectories when the
two nuclei centers are at R~+R2, a value of 1.6 F is
deduced for ro.

Table I gives the average values of R;, (R;,), at
which the cross section is the largest. They are all
included between 9 and 12 F. In single-transfer reac-
tions, a value around 11.5 was found for excited levels
as well as for ground states, although there is a slight
tendency to observe larger values (12 F) for excited
levels in "N and 'B. Low values were found for the
lightest products, i.e., Be and Li. It might be con-
cluded that the transfer reaction for a large number of
nucleons occurs at closer distances of approach than
single-nucleon transfers. On the other hand, we have

20
I' ll 5F

Fre. 9. Angular distributions for Li and Be ions.

For each case, we started with a large set of impact
parameters p;, varying between 0 and 20 F, every 0.1 F.
Each impact parameter p; gave a particular R;„and
a well-de6ned scattering angle 8 after the transfer reac-
tion. For this 0 value, we took the experimental cross
section do/dQ and (do/dR ~ )/(do/dQ) was calculated
as a function of the impact parameter

der/dR ( Ss= —sin'&0 cos&8,
do/dO p;

and the probability that the transfer occurs at a dis-
tance E follows the relationship

do/Rdr= (Ss/p') (1—singe) sin'pf

Io-4

o QO a I2.9 MdV

Q& ~ l5 MOV

l I

8 9 IO II l2 I3 l4 l5 l6 I7
r ( Fermi)

A typical distribution is given in Fig. ].j..The maximum FiG. j-1. Angular distributions plotted as A/EdE~;~ versus
for "C. Ground state at Q0=12.9 MeV and excited state at

value appears at 1I.S F. If one assumes that this q=ygMey.



ON Agpac INs IND.« 8

the largest (

REACTI

f transfer pro
~~ y AC*, and

7I iQge

99.5
1.33$ I 3

$]C 3
11 5 I'

y. 55
Ij..5
$.6

13C

11
j,.55

Z4C

14
&.55

13N

5 j,2
Nucl after transfer

( F
coif (R ) }=ro

most of '"'~

b served lQ mthe maxjma o
d our results

ming bac~
ave coIDp,

$2 oQ

) i r AN, "N, ar '
a„g~&ar &»tp "

i „iat,o~s m«e y
treateQ m

the tahie ~ '
wo~M lead «v

th theoretic
"Scattering ~aves

t described ab ve
y 9 These results

h folio~, ng bases:btained «r
around &3 '

th the data o
dm

are contrRdl y
d lt ls not p™

ferred Rt
ible to aroducts, Rn '

3 are trans
)or light Pro '

ieogs (2 or . i the nuclei.
large nuDlbe

f the bounda
~ f slmpl

er of Quc
rleS Or e distance o

XlmatlOQ O

such R larg
h t the appro~

' t ajectory»
p us

ttenng r

o o "c

Here Rga'n
~

echanism
al to j3 '

ecull c
~

nts to
due to a ve y

~ t ese expe

0

js probab y
able during

~

6rst set 0
have Qot

H ever since
(g 5 MeQ

QI

explore s
~

d on some n
ss sectionobserved t

~50 both for

ave carrl
hat the '"'wN lons

h Rt ang es
t re]iminary

It has been
belowlllC

milli-trans er r Asingle- and mN
'- r A

1 to very sma ll
f large partia

4

fore, the app
atment ln

Ho@red ar renottra ectones a

small pertur Rtlon.

4
4

r e change ln

s

be a large
decreases . pos the sca

usloQ o e%au."""""":'
f ...".;... , .a 6sslon R erfollowed by a

state.

. ) za]ues are yve for~in

182

h ~here the X~
d,«te val~~~ ~

~ . f closest aPP,
~ t from the g

tge distance
e„are q er

TQQLE I0 Mean value o
d tates%hen th .cite s a

60-

bg
40-

50
I

4030
&e~.

IO 20

-transfer reac
'- r tionneutron- rribution for theFIG. j.2 Angular dkstn u i

g

etio

1 mmunication) .ersona corn"R.da Silvera (p

20 3030 40 50 60
d

cpm.

an lar distribu-e calculated angun between the ca
fer (curves by

a
ntal distribution e era sexp erimenta

rs "Ctransfers.
se nsxs ar z r



GALIN, 6ATT Y, LKZORT, P KT@R, TAR RA GO, AND BAS ILK

TAM, E II. Cross sections in mb for various. transfer reactions.

Number of
transferred
nucleons

1.0 1.4
7 9 10

02 50 25
10 1:.1 12

3.5 27 '0. 25

—p —1P —p—s +e

11 13 14

2.6 23.0 1.5

—n ' +I +2@

0.45 0.3 0.2

TAaLE III. Cross sections in mb for particular states. Q0 corresponds to the ground state.

Q values "3 11C 18C 14C 13+
(MeV) Qo ——8 Others Q0=13 Q=15 Q0=5.0 Q=9.0 QO=4. 8 Q=7.6 Q=11.6 Q=14.8 Q&=5. 6 Q=7.9 Q=9.9

0.4 5.8 0.1 0.7 0.4 0.07 0.25 0.05

the Glauber" approximation, provided that Q«e. The
perturbation by the target nucleus is done by a poten-
tial V(r) made of a Coulomb part Z~Z2e'/r and of the
imaginary part of a nuclear potential, iso—exp( —nr'),
where 0. and r have the usual values of a Gaussian-type
potential. The absorption is described by this term.
Figure 13 shows a comparison between the experimen-
tal points and the calculated angular distribution after
normalization. The agreement is very good for "C, still
satisfactory for "C, "N, and "B.

S. TOTAL CROSS SECTIONS FOR
TRANSFER REACTIONS

Although measurements have been made only down
to 25', it seems interesting to integrate do/dQ, in order
to obtain a lower limit of,the total cross section. Even
with a large error, the contribution of da/dQ sin& is

small at 8 lower than 20' and the total error in the
cross section might not be very large. Tables II and
III give the cross sections. The largest were obtained
for "8 (—1p) and "C (+1N) .

The comparison of the cross. sections for "8 and "N
shows a ratio o(—1p)/0(+ip) of the' order of 60.
Since Qo value is favorable for '% (around 4 MeV) as
compared with u8 (around 7.5' MeV), it is clear that
the Coulomb eGect is of great importance. Although
our results are in qualitative agreement with the con-
clusion of Diamond et al., a comparison with Fig. 2
of this paper shows some quantitative d&screpaney. It
might be due to the fact that the number of available
states in the product is important.

At the inverse o (—1n)/o(+1m) =0.1. Here the Q,
value favors "C {45 MeV) as compared with "C
(11.5 MeV), and the absence of Coulomb eRect leads

to a larger yield for "C.
The COIIlparison of s { pB) and—0 (+pm) Iliad, e

'g R. J. Glauber, in Lectlres iri, Theoreficc/ I'hysics, edited by
W. E. Brittin and L. G. Dunham (Wiley-Interscience, Inc.,
New York, 1959), Vol. 1.

on ' B and "X leads to the same conclusion of
the large part taken by the Coulomb eBect since
0 ( —pe)/0. (+pe) = 14, although Q values would favor
14N

For large multitransfer reactions, the highest yield
was observed on 'Be, but we must remember that the
transfer of an a particle would lead to unstable 8Be.
On the other side, we have been able to estimate that
the upper limit for the cross section of "0 is of the
order of 1 pb.

As a conclusion we should like to emphasize several
points which have been con6rmed by our experiments.

First, it has been clearly shown that proton trans-
fers are less probable than neutron transfer when the
target is a medium or heavy nucleus. Furthermore,
the probability of transferring a proton from the target
to the projectile or on the contrary from the projectile
to the target, is very much affected by the Q value
and the Coulomb energy balance, as was suggested by
Diamond et gl,

Angular distributions of single-transfer reactions pre-
sent a maximum at a preferential angle which might be
explained with the assumption of a scattering process
duping which the nucleon or cluster transfer occurs
without affecting the trajectories very much. Calcula-
tions made on models 1.ike those of Kalinkin, '4 Frahn
and Venter, " and Dar" may well describe the phe-
nomenon, provided use is made of an adequate "trans-
fer parameter. " The data may also be compared with
a more elaborate scattering wave theory where the
potential is a Coulomb term plus the imaginary part
of a Gaussian nuclear potential.

However, both for multinucleon and single-nucleon
transfers, a forwp, rd peaked contribution has been dis-
covered without any doubt, which must be explained
by an addltlonal mechanism.

"B.N. Kalinkin and J. Grabowski, Acta Phys. Polon. 24, 435
I,'1963).

"W. E. Frahn and R. H. Venter, Nucl. Phys. 59, 651 C, 1964)..
"A. Dar, Phys. kev. 139, 81193 I'1965).


