Lawrence Berkeley National Laboratory
Recent Work

Title

A STUDY OF THE TWO PHOTON TRANSFER REACTIONS 208Pb(12C, 10Be)210Po AND
208Po(I60, 14C)210Po

Permalink

https://escholarship.org/uc/item/9n56h1pd

Authors
Becchetti, F.D.
Kovar, D.G.

Harvey, B.G.

Publication Date
1973-08-01

eScholarship.org Powered by the California Diqital Library

University of California


https://escholarship.org/uc/item/9n56h1pd
https://escholarship.org/uc/item/9n56h1pd#author
https://escholarship.org
http://www.cdlib.org/

) ¥ H 3 Y i P
| o o s g LJ J ol Pl

Submitted to LLBI.-1972

Phys. Rev. C : Preprint ‘-',

A STUDY OF THE TWO PROTON TRANSFER REACTIONS

NEC ‘ 208Pb(12C, 10Be)zu)Po AND

208p0(160’ 14C)210P0

o\

F. D. Becchetti, D. G. Kovar, B. G. Harvey,
D. L. Hendrie, H. Homeyer, J. Mahoney,
W. von Oertzen, and N. K. Glendenning

August 1973

Prepared for the U. S. Atomic Energy Commission
under Contract W-7405-ENG-48

g A

For Reference

Not to be taken from this room

\_ J

RECEIVED
LAV/RENCE
RADIATION LABORATORY

BT 221973

]

LIBRARY AND
DOCUMENTS SECTION

2L61-1dT




DISCLAIMER

This document was prepared as an account of work sponsored by the United States
Government. While this document is believed to contain correct information, neither the
United States Government nor any agency thereof, nor the Regents of the University of
California, nor any of their employees, makes any warranty, express or implied, or
assumes any legal 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. Reference herein to any specific commercial product,
process, or service by its trade name, trademark, manufacturer, or otherwise, does not
necessarily constitute or imply its endorsement, recommendation, or favoring by the
United States Government or any agency thereof, or the Regents of the University of
California. The views and opinions of authors expressed herein do not necessarily state or
reflect those of the United States Government or any agency thereof or the Regents of the
University of California.

s e



-iii- S , LBL-1972

A STUDY OF THE TWO PROTON TRANSFER' REACTIONS

a3 , | .
208Pb(;20, 10Be)210PO AND 208?0(160, 1hc)210Po

\

F. D. gchettl, D. G. Kovafi B. G. Harvey, D. L Hendrie,
H. Homeyer J. Mshoney, W. von Oertzen$ and N. K Glendenning

_Lawrence Berkeley Laborat ory
University of California
Berkeley, California 94720

August 1973
-
ABSTRACT
. 210 ' o . < ’
Levels in Po have been investigated using the two proton transfer
reactions (lzc, loBé) and (160, lL‘C) on 208Pb at incident energies
E(12C) = 78 MeV and E(léo) = 104 and 140 MeV. Reaction products were

identified and energies measured with a magnetic épgctrometer and a foéalJ

plane resistive-wire proportional counter. Many previously unreported levels

. 210 .
in ; Po were observed.' The results have been analyzed using DWBA, and shell

' : . ' + +
model wave functions for levels in glOPo have been tested. The 0 + 0 (g.s.)

transition is enhanced by.a factor v 8'cbmpared with the expected strength
) . .
)

for a pure (ﬁh9/2_

+
0 _configuration for 21OPo(g.s.)¢
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I. INTRODUdTION
Many shell model calculations have been performed predicting levels
in nuclei consistingbof a few particles or holes outside of a 208Pb core.
Most of these nuclei can be studied with a vgriety_df light ion reactions.
To date, however, the levels in 21OPo formed Ey transferring two protons
directly to the 208Pb core have not been studied. In this paper we report
the observation of levels in 21OPo via the heavy ion two-proton transfer

(12 1 16 . 1k

reactions: C, OBe) and (~°0, ~'C). The results are used to test

predictions of available shell model wave-functions.

II. EXPERIMENTAL PROCEDURE

The experiments were performed using 12C(EL = 78 MeV) and I

104, 140 MeV) beams.froﬁ the LBL 88-inch cyclotron. The beam was energy-~
dispersed across the target by a pair of analyzing magnets.l Reaction pro-
ducts were detected in the focal plane of a dispersion-matched magnetic spec-
trometer with a position-sensitive proportional counter (6 horizontal wires,
6 x U5 cm effective area) backed by a piastic scintilléfcor.2 A schematic
diagram of the gpparatus is shown in Figure 1. The focal plane counter is

described in detail elsewhere-g’3

The counter system measures Bp (position),
energy loss (AE/AX), time-of-flight (TOF) and a'scintillator output (énefgy)
for heavy ion reaction.products. Thisvinformation is sﬁfficient to give
unambiguais particle identification. In the present arrangémenf a time-zero
d.etectorh consisting of a thin (v 80 ug/cmg) NE111 piastic scintillator was
placed.at the entfance of the spectrometer (see Figure 1). The signal from

this detector and another from the final scintillator wére used for the TOF

measurement (replacing the cyclotron rf signal employed previouslyz). Typical
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resolutions (FWHM) in the present experiment were AE/AX " 10%, TOF Vv 1%
' : :
(2.5 nsec.) ‘and energy resolution SE/E Vv 0.15% or approximately 100-150

(12 10 (16 1k

keV for C, ~ Be) and 120-200 keV for 0, = C), depending on the target .

thickness. Charge andvmass separation up to A v 20 was obtained. A two-
dimensional spectrum of AE/AX vs. TOF is shown in Figgre 2. Energy spectra o
for different particle groups are obtained by setting gates on AE/AX and
ToF. 223

Both "thin" (v 100 ug/cmz) and "thick" (v 300 pg/cmg) targets con-
sisting of 208Pb evaporated oﬁto thin carbon foils (10-30 ug/cmg) were used.

. 208
Some of the targets also had a layer of carbon evaporated over the Pb

so as to reduce evaporation and sputtering ofbthe 208Pb from beam bombard-
meﬁt. In order to reduce the latter effects we limited the beam currents to
£ 300 na (fully‘stripped ions).

Cross secﬁions were obtgined from the particle yields relative to a
menitor counter and the l60(8+) yield, which in turn, was normalized to
Rutherford cross sections at forward angles. ' The targets were orientated
such that reaction products exited through a thickness of carbon sufficient
to ensure charge equilibrium. Measurements of yields to various charge
 states indicated that the reaction products were predominantly (> 80%) fully
stripped. Therefore cross sections were calculated from the measured yields
of the fully stripped ions, corrected by an appropriate factor.3

The energy calibration of the focal plane counter was obtained by
sweeping elastically scattered particles across the detector by varying the
spectrometer field in known steps. The results were parametrized in such a

way that the energy of any particle could be determined from its position

*The TOF resolution is limited by the dlfferences in particle flight paths
through the spectrometer.
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me as urement to an accuracy v * .05% (£ 30 to t‘YO keV). The data used to
obtain the energy calibration were also used to geneféte parameters which
allowed’position spectra from the six individual wireé to be added together
to form a singlé spectrum.

Several spectra were obtained using thin targets (% 100 ug/cmz) to
accurately détefmine the position and relative intensity of levels. Thick.

targets (v 300 ug/cmz)'were then used to obtain angular distributions.

III. EXPERIMENTAL RESULTS

A. Spectra o .
. 10 2
Particle spectra obtained for the reactions 208Pb(12C, Be) lOP s

208Pb(16O 1hc)210P

E(lQC) = 78 MeV and 0, E(16O) = 104 MeV are shown in

Figures 3-L. The 12C and 16O bombarding energies correspond to the same

projectile velocifies and nearly the same energy above the Coulomb barrier
(v 20 MeV greater). In Figure L4 the angle (52.5° lab) is near the peak in
_the measured angular distributions, whiéh are similar for the two reactions

or different levels (see Section III.B). Shown in Figure 5 is a th spectrum

- 208Pb(160, 1&0)210Po

fo at E(l60) = 140 MeV. Although the energy resolution

is poorer at the higher combarding energy, one observes that most of the

160)

states seen at E( = 104 MeV are populated.

The éhapes of the spectra shown in Figures 3-5 reflect the strong

5,6

Q-value dependence.of heavy-ion reactions. This dependence results in a

"Q-window" whose centroid, QOpt’ depends on the charge transfer and bombarding
energy.5 Seﬁd—classical theory5 predicts for sub-Coulomb reactions

(z,/2.) where E, is the incident c.m. energy, 2, is the charge

R t Y El t°1 1

op

transferred to the projeétile, and Z

t

, is the projectile charge (assumed here
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to be much smaller than the target charge). This gives Qopt N =25, -24 and

2085, (125 10py g = 78 MeV and

-33 MeV or E_ = 6.6, 10.} and 19.} MeV for .

208Pb(16O 1k

2

c), E = 104 and 140 MeV, respectively. No-recoil DWBA calcu-

lations (L v 0), however, give Qopt % -14 MeV for all of these reactions or

E_ N 0-2 MeV (see Section V.C).
The data appear to indicate E, A 4, 7.5 and 15 MeV, respectively,

i.e., the observed Qo values are slightly moré positive than those given

pt

by the semi-classical approximatioh and considerabLy more negative than those

given by DWBA. The exact shapes of the spectra, howevér, are complicated

functions of both the Q-dependence of the reaction and the structure of the:

final states. Recoil effects are also important (see Section 3, Appendix).
The particle groups observed in the present experiment and their

partial integrated cross sections are pfesented in Table I. The groups

listed can in principle consist of both 210Po and the outgoing products

(¥ gng 10 8

Be) being in particle-stable excited states. 10Be has such known
levels EX(J“) = 3.37(2%), 5.96(17,2%), 6.18(0%) and 6.26(27) MeV while for
lhc (ref. 9): EX(J”) = 6.09(17), 6.59(0%), 6.73(37), 6.90(07), 7.01(2") and

7.3&(2-) MeV. Groups from outgoing particles in excited states have been

lSN) (12 11

observed in (160, and C, B) at E_ = 104 MeV and 78 MeV on Zr and

L
Mo targets and are observed to be substantially (200-700 keV) broadened,
apparently by gamma decay in flight.3 A comparison of the position and widths:

of levels observed in the different reactions indicates that groups seen with

Ex < 5.5 MeV are due to levels in 210Po, with the exception of a group seen
. 12, 10 '

in (7°C, "'Be) at E_ = 3.4l MeV which could be 108e* (3.37 Mev). The weak
intensity seen would be consistent with the results of a 180(120, loBe)2oNe

. 10 | . . s .
experiment in which this level was not populated. There are indicationms,

LN
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however, that some groups with E > 6 MeV observed in (T 0, ~ C) are due to
x .
excitation of th (see Figures 3-5), particularly the group of "levels" at
E N T MeV.
x

B. Angular Distributions -

Angular distributions are shown in Figures 6-7. A few forward angle

160, 1k

points for some of the levels observed in ( C) were obscured by contam-

inants. The érror bars shown reflect only the statistical errors (std. dev.)
in the estimafed total yield and background correction. ‘The fluctuations in
the data at E_> 6 MeV may not be significant owing to the level density and
background at high excitation.

The shapes of the angular distributions for E_ < 6 MeV are esséntially
the same to within the errors indicated even though knOWn states of very
di fferent spins (J1T =0 to 8+) are shown (see Section IV). This lack of
’ | ' (16, 15 |

"J-signature" has been noted previously for s . °N) etc. on heavy target

nuclei11 and greatly limits the usefulness of heavy ion reactions in extract-

ing spins for these nuclei. As observed in a comparison of the 208Pb(l2C

llB)209Bi 208Pb(160, lSN)2O9

s
and Bi reactionsll it may be possible to obtain
spectroscopic information from the comparison of heavy ion réactions involving
different projectiles. As_seen in Figure 4 there are some notable differences
in the spectra shown, é.g. the population of the levels at EX = 3.7 and 4.0
MeV. We discuss this further in Section V.E.

IV. KNOWN LEVELS IN 210Po

' . . 2 .
The low lying levels in 10Po have been studied previously by several

2 .
10 208Pb (a, 2n-v) reactionlh’lS;

210

‘means: (i) the decay of At (ref. .13); (ii) the

(iii) inelastic scatteringl6 and proton'picku.pl7 from

18,19 on 2O9B.

Po; and (iv) the

(a,t) and (3He,d) reactions i.



6- - LBI-1972

209

Of these studies (iv) is of most interest here since Bi(a,t) and

209 E | o
9B1(3He,d) should populate states of the form [72j = T h9/2]J outside of a

208Pb core. It is also possible to reach such states via the heavy ion

11 15 8,19

N). In Figure 8 we compare the'resultsl i

11

reactions (120, B) and (160,

of 9981 (0,t)%1° B) and

(160’ 15

209 .
Po and 9Bl(3He,d)2loPo with spectra from (lec,
N). It can be seen that the heavy ion reactions populate the same

levels as in (a,t) and (3He,d) (although adjacent members of a multiplet are
. 1
not always resolved). In Table II we list the levels in 210Po believed 8,19

] and compare calculated spectroscopic factors relative

209 11 in 208Pb(12C, llB)

to be [T85 ®m T h_-
e [m] 9/2
to those of single particle states in

and 208Pb(l60, 15

Bi observed

N) at the same bombarding energies. The results are consis-

18,19

tent with the light ion results and we therefore conclude that the

heavy-ion reactions proceed via a direct single-step transfer without

11 QOBPb 209

appreciable core-excitation. As in the reaction - Bi we observe

a j-selectivity which depends on the structﬁre of the projectile. The
16 '
(

1 . . . . s
o, 5N) reaction (nfj = lp1/2) favors final states involving transitions

(12 11

with the single particle orbits j = & + 1/2 compared to C, B) (n&j =

lp3/2). Furthermore, single particle wave functions with large radial

extension (large n) are favored.

210Po and some of their properties are given in

2093i(a,t)210Po and 209

The known levels in
Table III. The levels observed in Bi(3He,d) are also

indicated in Figures 4 and 8.

V. DWBA CALCULATIONS

A. Cross Section

Since kinematic effects play a dominant role in heavy ion reactions,

it is necessary to account for these before attempting to deduce spectroscopic
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information. Fortunately DWBA theory appears to reproduce kinematic effects
o S 22

reasonably well6, although some details remain questlonable.ll?el’

The cross section for the transfer of two identical nucleons from

spinless projectiles, A(a,b)B where a = b+2 and B = b + 2, can be written

in the "no-recoil" approximation (see Appendix) a523,2h’25,

it R
aQ = 27, + 140

(6) . ' (1)

' JA and JB are the initial and final targetVSpins, respectively. In the

special cases.considered here (Ja = Jb =/O, AT = 1 and AS = 0) we have
L

J, =0(m., =+) sothat L=J =J_ and m_ = (-1), i.e.  only transitions to

A i B f
states of natural parity are allowed. ‘

B. Form Factors

Various‘mefhods have recently been devised to calculate the form
factors for heavy ion two-nucleon transfers.26_3o The probleﬁ is substan-
tially more complicated than for light ion reactions such as (t,p) etc.
since a zero-range interaction would not be appropriate for projectiles such
as 16O and 120. In addition, the transferred nucleons océupy single particle

states other than 1s as in light ions such as t and o and therefore the

1/2
relative motion of these nucleons may be more complex.

We have used two methods to calculate form factors. Both methods are
applicable for the simultaneous transfer of two nucleons (in con-
trast to a sequential transfer). One method computes the form factor as a
matrix element of the sum of the shell model interactions that bind the
"

Trzrs?srred nucleons to the projectile core. We refer to this as the "sum

of interactions" (SI). The other method approximates the sum of the
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interactions by a single potehtiél actiﬁg on the center of mass of the
transferred nucleons. We refer to this as the "center-of-mass interaction"
(CMI). Both the CMI and SI methods yield a local form factor which depends
only on the separation,vR, between projectile and target core, and the angu-
lar momentum transfer. Thus Eq. (1) can ﬁe calculated With'conventional "no-

recoil" DWBA programs. Corrections to DWBA due to recoil can also be included,

as described in the Appendix {(Section 3).

1. Center-of-Mass Interaction (CMI)

The CMI method is an extension of the method used by Glendenning25

(3

to treat (p,t), (t,p), (“He,n), ete. Since the interaction involves only

the center-of-mass {(c.m.) coordinates its matrix elements can be computed by
transforming the coordinates of the two nucleons in the projectile and target
into relative and c.m. motion with thé aid of the Moshinsky-Talmi expansion.
The c.m. motion is approximated by Hankel functioné and the Buttle—Goldfarb5
method used ﬁo obtain the asymptotic part of the férm factor as a function
of R. The interaction inducing the transition is that acting on the c.m. of

the two nucleons in the projectile a = b + 2 (post representation). Details

are given in the Appendix and reference 26. The résults are2

(1)*,,
FL(R) > (I, G G, NN2A2 ANlAl h ™" (ikR) (2a)
z (1)*,.
= :L h, (ikR) (2b)
where 912 is an overlap integral, G, (G2) are the projectile (target) struc-

1)* . . . ' .
ture factors and NN2A2 ANlAl hL( ) (ikR) is a projection of the asymptotic
~ part of the c.m. motion of the transferred nucleons onto the projectile-target
core separation, R. The summation indicated in Eq. (2a) is over all allowed

states of relative and c.m. motion (see Appendix).
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Although Eqs. (2a and 2b) are valid only in the asymptotic region,
this is often adequate to déscribe reactions eveﬁ at éhergiesAWell above the
Coulomb barrier owing to the strong absorption of the projectile for close
encounters (see Section C.2).

Thebform factof (2a) is similar to that used. in lightfionbreactionSQS,
except that the structure of the projectile appears explicitly. As pointed
out previously26, the transfer process indicated by (2a) involves structure
factors for the strippi;g of.two nucleons from the prbjectile aﬂd the simul—
taneous pickup.of thése by the target.

In the tranSfér Qf two identical nucleons from lsl/2 orbitaisv[such
as (3He,n)] only the relative 1S state of motion is available to the
transferred nuéleons. In contrast, for transfer of two identical ﬁucleons
from the 1p orbitals, relative motions in the 1S, 25 and lP‘states are
allowed. Owing to antisymmetrization, the 15 and 2S stétes are spin singlet
while the 1P state is spin triplet. Althoughvthe 25 and 1P states are
allowed and must be included in the form factor calculation, the strong
transitions proceed predominantly by transfer via a relative 1S state (see
Appendix).

Although there are now methods which do not require as many restric-
ﬁive assumptions as the CMI method doés, the decomposition indicated by (2a)

often is very useful.

2. Sum of Interactions (SI)

A more basic formulation of the transfer process involves the matrix
element of the interaction of each transferred nucleon with the projectile

core (post representation). Thus if the interaction of the nucleons p and p'

(see Figure 21) in a (= b + 2) with the core b is denoted by the shell model -
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potentials Vl(rl) and Vi(r'), then the transition amplitude involves the

matrix element (A,alVl(rl) + Vi(ri)IB,b>. This matrix element is integrated
over all internal coordinates and the result is a function of the separation

R between the cores A and b, and of the transferred angular momentum, L.

Specific details of the SI method are given in the literature.26’29’30

. + . .
Form factors for , ~ Be) 0 ) obtained with the SI

method are shown in Figure 9. The single particle wave functions have been
calculated at a single, fixed binding energy in a Woods-Saxon well with

1/3

R = 1.20A fm, & = 0.60 fm, = 8 MeV and V adjusted. At large core

Vso
separations, wave functions (n%j) with many nodes (large n) and yielding

large relative 1S cohponents (small %) are favored for a given L transfer.
The effect of nuclear structure (projectile and target) will be discussed

in Section E.

3. Comparison of SI and CMI Methods

A detailed comparison of the SIvand CMI methods as applied to two
proton trgnsfensﬁay be found in the Appendix. Both methods give the same
qﬁalitative results élthough quantitative differences exist. These
differences are greatest when the transfer proceeds by states having small.

. . + + : .
relative 1S motion (e.g., 0 =+ (1h )2 0 ). A comparison of various methods

9/2

as applied to two neutron transfers may be found in reference 26.

C. Kinematic Effects

1. Q-Windows

We can separate kinematic effects from nuclear structure by using the

relation (see Appendixj

2 W

@ = lnl o (0 | (3)
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where f_ is a structure amplitude and Ggw (6) is the DWBA cross section

L
. (1)%, . _ _—kR )
calculated for a fixed form factor hj (ikR) (= e "/kR). The quantity «

is obtained By fitting a Hankel function to the asymptotic part of the form

factor. Note that our definition of ng in

Eq. (3) includes the appropriate spin factors, e.g. (EJB"+ 1), contained in

the general expression Eq. (2).

' 6. 1k
We have performed calculations for (12C, loBe) and (l 0, ~ C) vs.

‘ -kR
Q and L. The DWBA program DWUCK23 was used with a form factor e o /KR,

€ =1.6 fm T, Optical model parameters which. fit the elastic scattering

‘ 11

164 , 208y, (E, = 104 MeV) end *%C + 208y, (E, = 78 Mev) were usea':

Y _ - 1/3 , ,1/3 I 8=
V = -40 MeV, W = -15 MeV, R = 1.31 (A1 + A ) fm and a = 0.45 fm. The DWBA
angular distributions are bell-shaped and peaked at an angle which changés
with.Q, but is nearly independent of L. The peak cross sections vs. excita-
tion in the residual nucleus, Ex’ and L are shown in Figurés 10-11. The
calculated Q-windows are essentiaglly the same for the two reactions but
owing to the differences in g.s. Q-values shift the curves to different Ex
values. Inclusion of recoil shifts the Q windows Vv -4 MeV (see Appendix).

The general features are those éxpected from semi-classical
32,33,3h.

a gaussian window centered about some QO . With width « L.

th
eory ot

The calculated Qopt values (Vv -14 MeV) are less negative than given by the

sub~-Coulomb formula of Buttle—Goldfarb5 (Q N -25 MeV). Also, the Q-

opt
windows appear to be much wider at higher bombarding energies, in agreement
with semi-classical theory§2’33’3h The quantity ng (which includes 2JB + 1=

2L + 1) increases rapidly with L only for L § 6. States with higher spin

(L > 6) are therefore not particularly favored kinemaﬁically.
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Similar features to those noted above are found for single nucleon

35

transfers.’

2. ILocalization in R- and £-Space

As will became apparent shortly, it is useful to calculate the local-

b (120, 10Be) reactions in terms -of R and £, the

ization of the (160, C) and
projectile-target core separation and relative angular momentum, respectively.
The results of this are shown in Figures 12-13 where we consider the

208Pb(12C, lOBe)210

Po (g.s.) L = O transition. The form factor consists of
a mixture of the configurations shown in Figure 9. In Figure 12 we display
the square of the matrix elements B%(K) as defined by Kunz22 vs. & for L=M=0.
The most important contributions occur for a narrow region of f-space centered
at &~ 37Th which is about 10h smaller than the classical %-value calculated
from the grazing angle, egr’ assuming Coulomb trajectories [= f| cot 6/2
where 1 = 1/2‘(ni + nf)]. This difference reflects the influence of the
attractive nuclear potential. In Figure 13 we show the square of the inte-
grand of the radigl integrals vs. R for & = 37h. The largest contribution.
comes from a region near R = 12.3 fm. This is v 1.5 fm (10%) smaller than
the classical apsidal distance D;i [= (A/K)(1 + csc Sgr/Z)]
and again demoﬁstratesthé effect of the nuclear potential.

A comparison of the theoretical curves of Figures 9 and 13 indicates
that transfer cross sections are determined primarily by a narrow region of

the asymptotic part of the form factor. We find that to a good approximation

(§ 20%) relative transfer cross sections can be estimated by

12 6™ (o) (k)

—_—
an L

where FL(Rm) is the form factor at some radius (Rm = 12 fm) and Oiw (8) is
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the cross section for a fixed form factor. We have used Eq. (3) extensively
to estimate cross sections with ogw (6) interpolated from calculations and

2
IFL(Rm)l determined using either the CMI or SI methods.

D. Angular Distributions

(*2c, 1) and’(160,

We have caiculated angular distributions for

th) using the DWBA progrem DWUCK with form factors calculated with both

CMI and SI methods, the former with a radial cut off at 8.5 fm (see Appendix).
Some of ﬁhe calculations are shown in Figures 6-7 (SI form factor). The ‘
calculated shapes of the angular distributions are nearly<indepéndent of L

or the nuclear configurations. The.maxima in the DWBA angular distributions
shift back in angle with increasingly negative Q-value whereas the experi-
mental results do not. This is shown in Figure 14 where we plot'the calculated
(CMI method)- and cbserved peak angle in the cross sections. The latter were
determined by shifting the calculated curves by eye to fit the data. Resulté
similar to those shown in Figures 6, 7 and 14 have also been observed for
singie nucieon transfers on'208Pb, refs. 11 and 12, and other mass

36’37’38 The discrepancies between theory and experiment appear to

regions.
be associated withthe optical model description of the distorted waves in
DWBA, since thevquality of the fits are correlated36 wifh projectile orbit
mismatch (Q_Qopt) as can be noted in Figures 6, T and ly (QoPt Vv =1L MeV).

7 The calculations can be brought into better agreement with experimént

37

by adjusting optical model parameters™ , e.g. decreasing the half radius, R, by

" 0.6 fm. The resulting parameters do not then fit the measured elastic

scattering of l60 and 120 from 208Pb. We have therefore chosen, instead, to

use optical parameters which fit the elastic scattering in the incident
channels and compare the DWBA calculations with integrated or peak cross

sections.
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One of the effects not included in the DWBA qaiculations is that due
to recoil (see Appendix). Such effects are found to be important for certain
types of singlé nugleon transfers Between heavy ions -
where L transfers are restricted by a paritj

- rule arising from the no-recoil assumption. The I-transfer for two-
proton transfers with J =J,=J =0, however; are a priori restricted to

a b A
L =J,. Recoil, then, alters the DWBA amplitude in the manner suggested by

B
‘Buttle and Goldfarb  and should be minimal when Q % QUpt -
We have estimatéd recoil effects by comparing "no-recoil" and
"recoil" DWBA calculation for a di-nucleon cluster transfer (Section 3,
Appéndix). The shapes of the angular distributions are not

drastically altered by the inclusion of recoil, i.e.; the discrepancies

vs. Q value persist.

E. Sensitivify to Nuclear Structure

1. Projectile Dependence

It is a distinguishing feature of heavy ion reactions that the
nucleons transferred to and from the projectile can be in single particle

states other than 1s . This feature can result in a j-selectivity such as

(12c, Mp) ana (Y00, 1°y) reactions. In (*2c, 'm)

i/2
11 .
that observed in the
the proton is transferred from a lp3/2 orbit, i.e. a j, state (=2 + 1/2)
.16 1 o s .

whereas in (7 0O, 5N) the orbit is 1p1/2’ a J. orbit. This results in con-
straints on the allowed L transfer which together with the Q and L-dependence
of the cross sections leads to marked differences in the spectra observed
' 1,16, 1

(*%0, *m)

for these reactions.ll The following features are observedl :

favors j, final states, i.e. a transition from a J. projectile state to a Js
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final” state is’ preferred, whereas for (12 llB), a Js projectile, the j, and

e target states are populated with comparable intensities (see Figurev8).

Similarly one might expect a j-selectivity for two-nucleon transfers

from l60 and lQC. In the twoanucleon transfers considered here, however,

such effects must enter via the structure factors Eq. (2&) rather than con-

, straints on L since J = Jﬁ = Q. We have considered projectile‘wave functions

cons1st1ng of a O core plus two protons in the lp3/2 and lpl/2 shell, i.e.

2
@ 1P /5

vfinal_states of the form (nlg) 0" have then been calculated (ST method) vs.

+ B 1p1/2 where a2 + B 1. The form factor for transitions to -

' 2 .., . 2 . . ,
the (p1/2) mixing amplitude, B8 . The results are .shown in Figure 15. At

the top of Figure 15 we indicete miring ratios contained in various‘shell '
model wave functions for two protons in l60 and 120, These are: (1) pure
Jj-coupling (82 = 0 and 1), (2) pure IS—cbupling (82 2 0.33), and (3)- Cohen-
Kurath wave functions32**® (ck 22c, ana ck 260, 82 = 0.2k and 0.80, respec-
tively). One observes the following preferred O+ -+ O+ transfers:

(J>)O+ project1le conflguratlon > (j )0+ target conflguratlon (Ss)

and e

(ji)6+ projectile configuretion > (jf)o+ taréet eonfiguration (5b)
Thus\transitions,involving pure JJj-coupled wave functions (projectile and
target) should exhibit a pronounced projectile dependence analogous to that
‘observed for some single nucleon transfersll (although»tne origin of the two
effects are.somewhat different)

‘Most of the J—select1v1ty indicated by Eqs. (5a and 5b) is destrOyed

by small amounts of conflguratlon mixing in the prOJect1le wave functions.

)2- 16 1L

Thus, e.g., a 207 admixture of (P in l60 1ncreases the ( C) cross

3/2

-/
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2

. 2, 2 L2 ‘
sections to Jj flna; states (3p1/2, 2f5/2, lh9/2) by factors of 4 to 200. \
Even with "realistic" projectile wave functions39; however, measurable i

differences (v 2) still exist between the calculated (120,'10Be) and (

1k

16O

b
C) transition strengths.

2. Target-State Dependence

The low-lying states of 210Po pépulated in two-proton transfers on

208 - '
Pb are expected to consist of levels formed by two protons in the shell

model orbits n2j = 1h9/é, 2f0 /00 Lii50s 2?5/2’ 35/, and 3py /- All states
thus formed heve positive parity except those involving the li13/2 "intruder"
level from the next higher oscillator shell.

We have calculated the relative peak cross sectioﬁs to these levels
(SI method) with the aid of approximaéion (4). Cohen—Kuramh wave functions

39,40

(set a) were used for the projectiles. The results are shown in Figures

16 and 17 where we display calculated peak cross sections (no-recoil DWBA) for
12, 10 . . | . .
(7°C, “"Be) and (160, lhc) vs. J, the spin of the final state 1n‘210Po. The
final states [nfj = n'l'j']J have been denoted by £.and j, e.g. f, = f7/2

(= a j, state); f = °f (= a Jo state), etc.

The calculated cross sections vs. J will increase or decreaseé with
increasing J depending on the j-values of the single-nucleon shell model -
orbits. Two types of transitions are noted:

+ - C -
- 2 1 Py 1 N

Type I: . 0 (target) - [J> ® j>]J or [J< B j<]J (6a)

and
+ ’ ~

Type II: 0 (target) ->-[j> a jL]J or [j_= j;]J : (6b)

Type I transitions are characterized by decreasing éross section with

increasing J (within a multiplet) whereas Type II transitions exhibit the

~
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opposite behavior. The relative streﬁgth between different multiple{s

depends on the projectile, with a preference similaf to thatrnoted for the

o' éta.tes'EqsJ (5a and 5b). The J-dependence of the type I and II transitions
Egs. (6& and 6b) is diréctly reiated‘to the relative 18, sinéleﬁ spin, motion
in the 2l9Pd wavé‘fﬁncﬁions. In both types of tranéitions 1S relative.motidn is
" maximum for the co—planar orbits J=j+j'10r J=j', but for type I singiet spin
requires J=j-j' and for type 11, Jij+q'. " This feature is not unique to
heavy ion reactions. In fact,'thé structure faéto%s for (120, 1Oﬁé) (cMT i

method) are very similar to thosehl for (3He,n) since the CK wavefunctions for

2 . ] ’ . :
1 C are predominantly I.S—coupled with a large relative 1S component. Thus,

. " - - 12 10
outside of differences due to kinematic effects, we would expect (e, Be)
. 16 1k ‘ . (3
and to some extent (7 0, ~ C) to populate the same state as in ( He,n).
This is discussed in more detail in the Appendix.
' 16 1k

Tt is apparent from Figures 15 and 16 that C, “"Be) and ("0, ~°C)

reaction are selective. Out of the 52 states considered only 14 states are

: o +
calculated to have strength > 10% of the strongest. transition (0 - f7/2 o

+ . .
p372 2 ). The strongest transitions are those involving the 2f7/2 and

3p3/2 single particle orbits (low £, large n).
B o .

VI. COMPARISON WITH EXPER‘IMENT:’ .

TEST OF SHELL MODEL WAVE FUNCTIONS FOR 210Po

A, Spectra and Angular Distributions

. In Section D.2 above we considered pure shell model configurations for

210, -4l , | ~ ,
1 Po. Calculationsh2‘hh and- experiments 13 19 indicate, however, that configura-

tion mixing must be included. We have investigaﬁed two shell model calcu-

210

lations for Poﬁt that of Kuo-Herling<(KH)'which uses matrix elements deduced
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from nucleon-nucleon scatteringh3,.and that of Ma-True (MT), which‘uses

. / .
| matrix elements calculated from a phenom.enological'for"‘cem'L (central + multi-
polar). Bothkcalculations reproduce many of the pr§perties for nuclei A "V 208:
energy levelé, spectroscopic factors, transition rates, ete. In Figure l8 we

: . 2 . . '
compare Schematically predictions for levels in 10Po with previously reported

13-19

levels™ ™ and groups seen in the present experiment. Figures 19 and 20

' 10, 6 L .
compare the experimental spectra for (;20, loBe) and (l 0, 1 C) with calcu-

lations (SI method and Eq. 4) using CK wave functions for the projectiles and
MI' wave functions for 210Po. We have'ihclgded a correction for recoil effects
in the calculations (seevSe'ction 3, Appendix). The qualitative features of
the spectra are feproduced, i.e;,.the nuﬁber of levels and the'distribution of
transition strength, although the g.s. stfength appears to be overestimated.
As indicated in Figureé 16 and 17, relatively few éonfigurations dominate:

. 5 . ,
(f7/2p3/2), (f7/2), (f7/2113/2), (f7/2pl/2), (f7/2f5/2

), with the strengtﬁs
spread via configuration mixing. There appear to be more than one candidate
for'each observed levél Ex > é MeV, however, and unfortunately, the calculated
angular distriButibns are nearly independent of J.  This is shown in Figures
6 and 7 where we compare DWBA calculations with experiment (SI method, CK
and MT wave functions). The DWBA curves shown have been calculated for the
strongest transition indicated in Figures 15 ana¥l6 using the SI form factor
" and are normalized to the peak cross-section. As noted in Section C.3 the
caiculated curves have approximé;ely the correct (L~independent) shapes, but
the peak positiops shift with Q-value (or Ex) mich faéter than the data indi—
cate (see Figure 14). The lack of appreciable L-signature makes it difficult
to make specific level assignmenfs which are not very model dependent. The’
projectile and final-state selectiv%ty noted by Egs. (5a-5b) can be utilize@

to Suggest the likely spin and configuration for a given level. In Section VI
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1hc)

we will enumerate the likely candidates for the levels observed in (160,
(12C 10

and » ~ Be). These candidates are indicated in Figure 18.

B. Ground State Band

1. - Relative Intensities

+

The 0% g.s., 2 (1.18 MeV) and 4*, 6%, 8" (1.44-1.56 MeV) levels in

210Po are well isolated from'other expected levels (see Figure 18) and were

lOBe) and (160, th). The cross sections are given

observed ih both (120,
in Table I. The h—8+ multiplet was not resolved so we consider here the
summed cross sections to the individual states. |

In Table IV we compare réiative Cross sectioﬁs for the O+, .2+ and
unresolved h—8+ levels calculated assuming various wave functions: pure

L
(lh9/2)2, KH-I ‘and KH-II 3, and ME.hh Also included are calculations for

210, .+ . . : '
1 Po 0 g.s. using single particle amplitudes deducedl7

from-thevproton
pick up reaction QloPo (t,0) and assuming constructive phases between ampli-
tudes. The form factor was calculated with the SI method and CK wave
functions for'lzC and 16O, refs. 39 and 40. We list separately croés se;tions
calculated in the saﬁe (arbitrary) units and the ratid'éalculation/experiment
normalized to thevl&—8+ Cross secfions as indicated. The latter procedure
would yield a unique DWBA normalizsation if.the h-8+ levels were pure (h9/2)2.
The (h9/2f7/2)‘mixtures are important, hoﬁever, and therefore the DWBA normal-
ization used in Table IV is model dependent to a factorvof about 2.. We have
in several instances used an average normalization based on the A g 8+
calculafions for KH-II and MT wave functions (denoted by superscripth in

Table IV). The results obtained with and without corrections for recoil

are similar, except for the absolute normalizations (see Appendix).

The calculations presented in Table IV indicate the following:
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2 .
(1) as expected, the pure (h9/2) wave functions grossly underestimate the
+ :
0 g.s. cross sections; (2) the KH-II and MT calculations both overestimate
+ + ' +
the 0 g.s. and 2 cross sections by factors 2 to 15; (3) the O g.s.

: : . 2
calculations based on KH-I or the wave functions deduced from lOPo(t,OL) are

. ' . 12 0 .
in good agreement with the experimental data for (= C, 1 Be) but overestimate

(160’ 1k

the C) cross sections.

+ +
2. Enhancement of O g.s. and 2 Cross Sections

L5

Yoshida and othersh6 have shown that the short range, attractive

' +  + -
nuclear forces which lower the energies of the first 0 , 2 , 3 ,... states

in nueclei introduce cprrelations which.also enhance two-nucleon transfers to
these states. Such correlations, of course, are included in "realistic"
shell model calculations such as KH and MI'. These cofrelations, e.g.,
introduce constructive phases for the terms comprising the coherent sum
indicated by Eq. (2a), and can result in a large enhancement of the crosé

sections compared to other transitions.

In the last column of Table IV we list enhancement factors, EF,

210

- + + '
deduced for the Po O g.s. and 2 states as follows: we define EF to be

the enhancement in the observed cross section compared to that expected for

. . . 2 .
a pure shell model configuration, in this case (h_,.)". We give values of

, 9/2
+ : '
EF deduced with different DWBA normalizations: the 0 g.s. values .EF = 3.57

14

and 1.89 for (120, 10Be) and (160, C), respectively, have been deduced

2 + '
2) wave functions for the 4-8 multiplet whereas EF =

assumin h
g pure ( 9/
9.09 and 6.60 have been deduced using an average normalization from KH-II

and MT calculations. The latter EF values are presumably more realistic.

210

3 . . I3 . +
Using the "realistic" normalizations we conclude that the Po 0 g.s.
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. ' : +
cross section is enhanced (as defined above) by a factor v 8 and the 2 -

cross section by a factor ~ 3 in the heavy ion two proton transfer reactions

12 16 4
(**c, Be) ana (*%, Y0).
, S ' ~ 210 . _ |
We may compare ‘the value EF v 8 for "7 Po g.s. (z = 84, N = 128)
. - : 48 16, 1k
with the enhancement factors deduced by von Oertzen ~ for (T 0, ~ C) on

several nuclei Z v 26 to 64 (N v 26 to 82). Using the semi-classical transfer
1hoy50ys T

probabilities, he obtainsy8 (relative to ShFe(l60, g.5. EF ~ 5 for

88Sr(160 1hc)9o T lhhsm(l6o; 1&0)1h6Gd-g.s.h8.
' 1k

Zr g;s. and EF Vv 20 for The

>
enhancement factors obtained for the two~proton'transfef‘(l 0, ~ C) in the
region Z v 26 to 84 are found to be comparable (when definéd in an analogous
manner) with those deducedh6 from wo néutron transfers, (t,pj and (p,t),
within the corresponding neutron shells (i.e., N~ 26 to 8&); This implies
that the ﬁ-p and n-n correlations are comparable within the same shell.

~ The enhanéement (EF 3) of the‘2+ quadrupole state at 1.18 MeV is
comparable to the B(E2) enhancement observed in inelastic scattering from

A
2.38T7 Mev was not observed in the present experiment. Although this state

‘this Statel6,(c = 3.5 * 1.5 s.p.u., see Table III). The 3~ octupole state at

is very collective16 (GA = U6 * 15 s.p.u.) the main two-proton configurations

)

in this state would be (h - and (f The former,

. i Ld —
972 113/2)3 7/2 *13/2'3
' +
dominant, configuration is not favored (0 - j<j;, J # j+ j') while the latter

. .. 43, Lk v , :
- configuration is expected 3 to have a small amplitude (< 0.1). Thus, we

12, 1
(

would not expect this level to be strongly excited in C, oBe) or (160,

1h

_C) compared to other levels in the energy région Ex v 2-3 MeV.
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VII. DISCUSSION |
Levels in 2X%Po Observed With (12c, 1%e) ana (%0, o)

In the following sections we discuss the levels observed in this

experiment and suggest their predominanf configurations. These suggested

13-19 1 evels in 21050 ana

39,40,43,4k

"assignments" are based on a comparison with known
energies and cross sections calculated with shell model wave functions
(e.g., Figures 16-18), and are therefore very model dependent. The experimental
excitation energies are those listed in Table ITI, unless otherwise noted.

In a preliminary repoft of this experimenfh7, initial calculations
)2 ) configurations would be dominant.

indicated that the (f and (

7/2 172 Ts5/2
The present calculations, however, using "realistic" wave functions, and fewer
approximations,rgive different results, particularly for levels Ex VoL Mev.
All levels in 210Po EX < 4.98 MeV are particle stable. The proton,
neutron, and alpha separation energies are 4.98, T7.65 and 5.41 MeV, respec-
tively, while the two-proton and two—neutron separation energies are 8.78

and 14.62 Mev, respectively-

A. Levels Ex < 6.0 MeV

(12 1 16 14

Below E_= 6.0 MeV, levels seen in both ¢, *%e) ana (o, C)

must be due to excitation of 2-J'OPo, since the first known excited state in

(12 10

1k .
C is at Ex = 6.09 MeV (see Section III.A). Levels seen only in C, " Be),

Ex > 3.3 MeV could be due to excitation of either 21OPo or lOBe, but as dis-
cussed in III.A most groups Ex < 6 MeV are believed to be levels in 210Po.

1. Ex =0, 1.19, 1.46 MeV. These levels are well separated from all other

_ + +
expected levels and are therefore assumed to be the 0 , 2 and unresolved

+ + + +
4" + 6 + 8 (mainly 4 ) levels seen in other work (see Table III).
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2. Ex = 2.2T MeV. This'group appears to consist of more than one level (see

)2 o

"Figure U4 and Table I). Calculations (Figures 18-20) suggest tha.t,(f,(/2
o o . + + . -
is the main component although (f..{/2 h9/2) 6 and 8 known to be at 2.188

. . ' . . X . . 12
and 2.336 MeV, respectively, should also be excited particularly in (T7c,

10

. ) ,
Be). The (f., )2 0 1level is calculated by Ma—Trueh to be at E_= 2.19

43,

T/2
MeV (2 68 MeV KH-II

3"’Ex = 2.56. Calculatlons 1nd1cate that thls state is probably the

+ ’ Y L] » -
(§9/2 f7/2) 2 level [mixed wlthl(f7/2

Ma-Truehh (2.43 Mev KH;II).h3‘ This is not conSistent with (a,t) and (1,d)
) 18,19

)2 2] predicted to bevat 2.451 MeV by

work, however, which has all (h9/2 7/2) strength below 2.43 MeV.

L. ‘Ex = 2.85 and 3.05 MeV. These levels are close in energy to known

(g /2 11372 | e
predict significant strength only to the 9  state (Figures 18-20). Most of

+
)2 2 and (f

) levels (11 “and 5-9 , respectively). Our calculations, however,

+ .+
the strength should go to the (f7/2 7/2) L and 6 levels. The

former is calculated by Ma-True to be at 2.65 MeV (2.97 MeV KH-IT) while the

latter are at.3.10 and 3.28 MeV (3.24 and 3.31 MeV, KH-II):. Also, the

relative cross sectiens-seen in (120, loBe) and (160, th) indicate small

7

, +
L transfers. Thls is consistent with these states being 2 and 4 (+ 6")

rather than 11 and 9 .

lQC’ 10

5. E = 3.k MeV. A group is seen in ( Be) at this energy but is

1hc);

o Sy s (16 . . : L .
- gbsent (or very weak) in ( This group is consistent with a transi-

10

C ' +, : '
tion to 21%; (g-s.) ana " Be" (2"), the latter being at 3.37 MeV. The

widthyof this group, howeVer, appears to be narrow compered to that expected
from'broadening3 due to y-decsy in_flight (300-hOQ keV). An alternate possi-

e s . L . + . - o
bility is that this level is the (f7/2)2‘6 state 1n.210Po,¢but this is not
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N
: + +
very consistent with the calculations, particularly the expected L' - 6

splitting (see Figures 18-20). There is a level seen in 21OPo(p,p') with
weak intensity at . 3.L437 MéV. This latter data would be most consistent with

this being the (f ) 37 state, however, calculations place this state

7/2 *13/2
at 3.70 MeV. '

6. E_= 3.70 and 4L.07T MeV. The calculations favor these states being mainly

the (£, 113/,

.3.9h MeV, respectively (3.62 and 3.93 Mev, KH-II).

(¢, 05¢) than expected for the 3~

2 6+).

- - ‘ L
) 3 and 5 1levels predicted by Ma-True to be at 3.69 and

3 e level at 3.70 Mev, |

however; is populated more.strongly in
level, and would be more consistegt wifh a higher spin value (e.g., (f7/2)
Althdugh there have been sevéral negative parity and/or collective states
seen in.this region (Table III) all are unassigﬁed or assigned J > L.

7. E, = k.36 and 4.53 MeV. These groups appear to be most consistent with
‘ 18,19

their being composed of members of the (h9/2 p3/2) multiplet seen

(ast) and (1,d).. The 4.53 MeV group is likely to be the (h9/2 p3/2) 6" level

o , L
predicted by Ma—Trueyu to be at this energy (4.52 Mev, KH-II). 3

. o an . . I 1k,15 . .
There are several isomeric states in this region seen™ 2 in (a,

2ny). These states, however, involve core excitation which is not believed -

10 (160’ 1k

to be an important mechanism in the (120, Be) and C) reactions

(see Section IV.).
8. E_= .95 and 5.07 MeV. The L.95 and 5.07 MeV levels [unresolved in

6 1L .- .
(l 0, C)] are calculated to be mainly (f

+ +
7/2 p3/2) 2 and L predicted by

Ma—TruehH to be at 5.13 and 5.33 MeV (5.22 and 5.50 MeV, KH-II).b'3 Excitation

14,15 would not be 1likely since core

.+ .
of the 16 isomeric state at 5.058 MeV
excitation would be required. Also, L = 16 is not particularly favored

kinematically (see Figures 10 and 11).



25 LBL-1972

9. Ex =5.33, 5.53, and 5.81 MeV. Groups are observed at these energies with

6, 1k . '
both (120, lQBe) and (l 0, ~'C) although it is not clear that the same groups
. " . . 12 10
are excited in these reactions (see Table I). The group seen in (~°C, ~ Be)
at Ex = 5.53 is much stronger than any groups observed in (160, th) near

this energy (see Figures 18-20). Also, there are no states predicted to be

populated as strongly as is observed. This suggests two possibilities: the

group at 5.53 MeV is due to'loBe* (3.37 MeV) and ZlOPo* (2.27 MeV), or it is

an excited state of 210Po not included in the shell model basis considered

43,44
re .

he e.g., a state from the next oscillator shell. If the

latter be the case, its structure and spin must be such that it would be

2 ) .
(120, lOBe), e.g. (3_)° and large J, respectively.

preferentially populated in <

B. E > 6 MeV
x

Above 6 MeV excitation many groups appear in either or both the

(l c, loBe) and (160, l)‘lC) spectra (see Table I). Any "assignments", however,

are limited by the fact that the groups observed may be due to projectile

excitation. A broad structure seen in (160, th) EX ~ T MeV agppears (Figure

N ) ]
3) to be due to 1 c*. The angular distribution to a part of this structure
(Ex = T7.25 MeV) is different from others (see Figure 7), although the measure-

ments contain considerable uncertainties due to background subtraction.

A level E_ 6.06 MeV appears in both (12¢, ¢) ana (Y00, ¥¢) ana

is probably a‘level in 210Po. Furthermore, identifiable peaks are observed

14

in several (160, C) spectra at E_ "V 8.7, 9.4, 10.0, 10.7, 11.7, and 12.3

MeV (see Table I). The relatively narrow widths of these peaks (see Figure 3)

210

suggest that they are levels in Po, although above Ex = 8.78 MeV the two~

proton configurations in 210Po‘are unbound.
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VIII. CONCLUSIONS

We may summarize the results presented above as follows:

N 1 e wWOo~proton ransfer reactlions P e
(1) The t ton t £ £ 208Pb(12C 1oB )210

208Pb(l60, th)QlO

Po and

Po selectively populate many previously unobserved levels

in elOPo.

(ii) The measured angular distributions show no relisble L or J signa-
ture, which precludes model-independent assignments.
(iii) The theoretical calculations, however, exhibit features which are

sensitive to the structure and spin of the projectile and target states and

- 5
indicate that the levels cobserved are predominantly the (2f7/2)

+  + +

o, 2%, ", €, (21, ) 37,57,  and (2f ) 2%, 47 states

72 M3/ 7/2 ¥3/2

predicted by shell model calculations.

(iv) The cross sections to the O+-(g.s.) and 2° (1.18 MeV) levels in
-210Po are found to be enhanced by factors ~ 8 and v 3, respectively, compared
tq those expected for pure (h9/2)2 configurations. Calculstions using "real-
istic" projectile and target shell model wave functions, howevef, overesti-
mate thé O+ (g.s.) and 2+ cross sections by factors of 2 to 15.

(v) The gross features of the observed spectra, Exvé 7 MeV, are repro-

14

duced by the calculations, and in particular the differences in the (160, c)

12

and (7°C, loBe) spectra.
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APPENDIX

\l. CMI Form Factor

In this section we present details of the c. m. interaction (CMI) method

of calculating the DWBA form factor for heavy ion two-nucleon transfers, speci-

16 lhc) (120,10

fically (™0, Be). The method is- based on the Moshinsky-Talmi

and
expansion31 as described in Refs. 25 and 26 with some simplifications which
facilitate the calculations.

DWBA requires the evaluation of the six dimensional integra123’2h

T = ]ﬁd3£ xé')* (kpr.) {Bb|V|Aa ) X§+)(§i,gi) ‘ (A1)

for the reaction A(a,b)B. The coordinate system for two-nucleon transfer
(B=A+2, a=1b+ 2) is shown in Fig. 21. If the mass transfer is small
compared with the masses (ma,mB) of a or B, then (Al) can be reduced to

three dimensional integrals through use of the no-recoil approximationsz3’2h

4 _ - 2. .
orgEral =, t m_ R, (A2a)
=T, : | (A2b)

r - 2.3 . : (A2¢)

ro(= -rpy) “bA Tmy 1

o P

Tpa (A2a)

o [P
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In some. calculations, the use of the no-recoil approximation can

introduce large errors.gl’z2

We have investigated these effects and discuss
them in Seec. 3.
If the no-recoil approximations (A2b) and (A2d) are used, the total o

form factor {Bb|V|Aa ) can be written as

/

o : v * A
(Bb|V|Aa? = zg Cy g1 (RVF; 5 1(R) Y (R) (A3)
: : I JL 12 12
12
where CJ1J2L is a coupling coefficient and B = fbA .

The radial form factor, FJ J L(R), for two-nucleon transfer is obtained
12 ) ’
by expanding the motion of the transferred nucleon pair into relative and

center of mass (c.m.) motion (see Fig. 21). The nucleon p(p') is in the shell

n_n

S ' 1tgisry 3 : TREL
model orbit n,%,J; (nllljl) in the nucleus "a" and in the state n,J, (n22232)
in "B". The c.m. radial wave functions of the di-nucleon cluster relative to

(h2) and U

cores A and b are denoted by U -

N (Rl), respectively. The

| ol A 5
motion of p relative to p' in a and B is given by u; Z (r/2) and
11
w7 (r/2), respectively. The transferred nucleons are coupled to J = Iy in
272 ‘ . v
nucleus a and J.= J2 in nucleus B. The total spins of A, B, a and b are JA’

J Ja and J._, respectively. The quentity L is the orbital angular momentum

b

transfer between A end B. We consider the transfer of two identical nucleons

B’

and assume that the effective interaction is spin-independent and acts only

25,26
the c.m. of transferred nucleon pair. It can be shcwn that 25
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- J =T+ N \ ’
Fy g p(B) = (1)~ MJe Z Z 2 &5
12 - |
L5 mA IS5,
NAy npt, WA,
n. % n A=A :
1"1 2%2 17028 & A A
X G (L,8.J.) G (L,8,J,)(-1) A A L. $ 8> = (Ak)
L VRS NS R 0 VR 12 12 °s s, o8,

+

~ . 2
x (A101L20|LO),W(L1L2A1A2,LJL1) W(LL,d,9,,18,) Ui (R)

where
5= (e + 1)t/2
Q, = b jﬂ ar r° us i (r) u~ i (r)
1% fo%2
<1
and

unz(r) = harmonic oscillator function (size parameter v).
. ., 2
The structure factor G is similar to that defined by Glendenning > for (p,t),

etc., and is given by
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n. %
11 _ 25
GNlAl(LlSlJl) = g B(ny%)
n%,d
1 L [ ]
- np8dg

1 1,0y, , ,
(32903 (G357 1(0 22487, (A5)
L3
x (nlklNlAlLllnlllniliLl ) | .

The last two factors in (AS5) are a

31,49

Moshinsky-Talmi bracket, respectively;

2
5 o <

definite symmetry then
factor B (nl .+.) in A5 is the two-nucleon

(c.f.p.):< al} b) . The structure factor

manner analogous to (AS5).

~

1/V/2 if n % J,

Jj to LS coupling coefficient and a
If the nuclear wave functions have
= ntQ s s -
nllljl , otherwise g = 1. The

coefricient of fractional parentage

n,Q,g . . .
GN A2 (L282J2) is defined in a

2
2

The quantum numbers N, , Al’ El’ 21 etc. allowed in the sum (A5) are
constrained to satisfy the conditions3l’h9
- 2 = ' '
?Nl + Al + 2n, + Ql 2n; f 21 + on) + %1 (A6a)
and
/
It 7 - ' '
2N2 + A2 + 2n2 + 22 2n2 + 22 + 2n2 + 22
with .
b= 4, (A6b)
and
- < <
|Al A2I\L\A1+A2

We note, however, that (A6a) and (A6b) allow 52 ¢=El .
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The function Ui2 (R) in (AL) is the overlap of the di-nucleon cluster

(R,) projected onto R. Buttle and Goldfarb5
N2A2 2
and Sawaguri and Tobocman, among others, have developed methods for calculating

wave functions UNlAl(Rl) and U

such functions.

One finds that for reactions between strongly absorbed projectiles,

160 on heavy nuclei, the functions UlQ(R) need only be calcu-

such as l?C and L

lated at large R (see Sec. V). This can be readily done with the Buttle and

Goldfarb (BG) addition theorem.” The function Uy A (R2) is approximated
2°2 .

asymptotically by a Hankel function

U (R) —> N n Y (1cRr) (ATa)
wn, WA, A, 22 |
and then5
12 #(1) .
U.“(R) —> N h (ik .R) (ATD)
L NA, .Aml_Al L 1K
wheré
*® 2 .% . : .
= dr r° j (ik.r) VvV (r) U (r) (ATe)
ANlAl é A, H6e" Ven' ) Uy |

The potential ch(r)-is the effective interaction acting on the c.m. of the
transferred nucleons. In the calculations described here, ch(r) was chosen
to be a Woods-Saxon potential which binds the di-nucleon system in the projectile

(post representation).
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| | ' o .2.1/2
i y I = h
If UNA(r) describes a di-neutron then Kk (2m2n B2n/ ) where m,.

is the di-neutron mass and B2n is its separation energy. Proton transfers
can be treated using the integral expansion given in Ref. 26. Instead, we

calculate proton transfers by replacing k,_ with an effective value, K (> K2)

2

obtained by fitting a Hankel function to (Re) in a region spanning the

8]
Nh,
interaction radius (R = R = 12 fm). This procedure is found to work quite
well for single proton transfers.eo Although k varies slightly with Ngband A2 '

one can, with suitable renormalization, use a value common to all N2 and A2,

so that the form factor Ean be factorized

R CT- S (8e)

F
192 J1IoL

* - * - :
We may, further, replace hL(l) (ikR) by ho(l) (ikR) (= eKR/KR) so that

(R) = r h*(l)'(iKR) - (A8b)

F
J1J2L 00

where f, and k are obtained by matching (A8b) to (AB8a) in the region R = R

(see Fig. 13).

1 Y
The cross sections for the stripping reactions ( 60,l C g.s.) and
12, 10 . . .
(T°C, " Be g.s.) i.e. J, = Jy = 0 on target nuclei J, = 0 are then given by
do 2 DW ' '
D= g% o (8, (a9)

with Jl= 0 and L =<%2= JIg gw (6,c) is the DWBA cross section
#(1)

(including 2L + 1) calculated with the form factor h, (ikR). The nuclear

The quantity, O
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structure information is included in the factor |f0|2 while ¢ (8,c) contains

L

the reaction dynamics. In a limited region of excitation it is often most

. useful to fix K and instead renormalize only fo in order to account for binding

energy effects. &This allows one to extrapolate cross séctions from calculated
Q-windows such as Figs. 10 and 11 rather than perform numerous and lengthy
individual calculations. Equations (A8b) and (A9) are also convenient in that

analytic expressions for ¢ (8,c) may often be used, particularly below the

L
. 32-34 . . - . R R .
Coulomb barrier. Configuration mixing is easily included in the

DW

structure factor f,, without recalculation of ol (8,c).

0

Since the CMI form factor (A8b) diverges at small radii it is necessary

to introduce a cut-off in the DWBA radial integrals. In Fig. 22 we show the

t

dependence of the DWBA peak cross sections versus cut-off radius RCO for

208Pb(lzc,loBe), Q = -20 and -28. MeV. The calculations converge for Roo $ 9.5 fm.

This can be attributed to the strong absorption of the distorted waves for

R < 10 fm, resulting in localization of the reaction in 2- and R-space as

discussed in Sec. V (Figs. 12 and 13).

Calculations’t have been performed for 208Pb(120,loBe)210P9 and

208 160’1hc)210

Pb( Po using the CMI method and approximations (A7) and (A8b).

The clusters UNA(R) in the projectile and target are bound in Woods-Saxon

1/3

wells (R = 1.28 A fm, a = 0.76 fm) at the appropriate two-proton separation

energies, fit with Hankel functions and the sum indicated in (Ak) performed.

Typical values of terms in AL-AT are given in Ref. 26. The coefficients

N s N , and are analoguous to the coefficients N , N and
SRR PP oy v ; nidy7 npts
required for single nucleon transfer” and exhibit the same properties

A
n, A,
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e.g. N " increases rapidly with N and less rapidly with A, while
N2A2 2 2

A (Al+1)

N, 1 - ~ '
ANlAl o NlAl (Kg)- /(Kl) Also 912 ~ 0.9 for n; = n, and decreases

1 2
rapidly for Ez #:il'.
A comparison of the terms in (A4) indicates that for the 12 anat

wave functions used here39’ho
. r i

60
(intermediate coupling) the target con-
figurations with the largest nf = 18 components are favored. Next in
importance are ;E = 25 and finally nd = 1P. The latter terms are important
if jj-coupled projectile wave functions are considered, since the jj to LS
transformation (AS).introduces ﬁefms whose signs depend on whether

3o030) = 0,(8) + Sor 2,(83) = = d.e., 3,31, 3 3L or 3 3ls 3yl (see e.g.
Ref. 26) There is also a J-dependence within a multiplet (jejé)J (Egs. 6a,

6b Sec. V-E) which depends on the jj to LS transformation properties and the

amount of relative 1S motion contained in the configuration (jgjé)J .

2. DNumericel Results

lQC,lOBe) asymptotic form factors for the

In Fig.‘é3'we compare (
dominant configurations in 210Po calculated with the CMI and SI methods. The
CMI and SI calculations shown differ as follows: the CMI method treats the
effective interaction V in (ATc) as a spin-independent potential acting on a
di-nucleon cluster bound in the projectile at the two nﬁcle?nvséparation
energy while the SI method uses the sum interaction V = Vl‘+ Vi where Vl and
vi (which include a spin-orbit interaction) bind the individual nucleons in

the projectile. ‘Despite these intrinsjic differences, the two ca;culations

2 2 .
give qualitatively the same features: 1) the p°, £ and fp single nucleon
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configurations are favored; 2) two classes .of transitions are observed

+ .
0" > J,d5

. l - . )
( 2~C,,10Be),, ot » jf is favored over 0% - 32

of j Jj. (type I) and ot >3,d% or 3 3] (type II); and 3) at lgast
for
There' are, however, quentitative dlfferences (factor 2 2 in IF(R |2

whlch are largest for unfavored transitions i;e. those with poor relative

)2

P

S-state components. The 0% » (1n and 0% » (1i )2 transitions, for

9/2 13/2
example, are factors of 50 to lOO times weaker 1n the CMI calculations than

in the SI method. Also, there appears to be differences in relative forni
factors -for spin orbit partners. e.g. p2 - pz; "f2 - f2 etc;
, 3/2 1/2 * “7/2 5/2 ° ,
The systemqpics of the CMI calculations shown in Fig. 23 are very

similar to those one would deduce for (3He,n) from the appropriate structure
factors. In ( He,n) or (p,t) one would have [fol for 0% states (393/2) .

c . 2.. ‘ - 3 .‘ ’ - - . ) . ' . ) '.
(3Pl/2) (2f7/2) : (2f5/2) :, approximately the ratios 1:0.5:0.4:0.3 compared.

) . . - , \ 2
to 1:0.41:0.16:0.15 calculated for (*2c,%8e). The (He,n) ana (*°¢,1%e)

) (9).

L If, however,

cross sectlons,_of course, depend on the behaviour of o

" Eq. h (Sec. V) would also apply to (3He,n) i.e. if this reaction were localized

12 10

in R—space similar to ( Be), then one would.expect 0% cross secticns in’

proportion to the |f0l' values noted sbove (provided the levels were neérly

'degenerate, i.e. had the same Q-value).

The close similarity between (lEC,lOBe)‘and (3He,n) structure factors

L ' . , . . 12
arises from the large 1S relative di-proton component contained in the | C

39,40 (16 14

wave functions of Cohen-Kurath. C) would be expected to be more

dissimilar since the 169 wave functions are closer to jj-coupling (see Fig. 15).

Only in the limits'of pure jjféoupling projectile wave functions_are large



IBL-1972
~36~-

(>>2) differences expected (see Fig. 15). The usefulness and (apparently)

\

accuracy of the CMI method is determined to a large degree by the extent to
which the relative 1S and 25 di-nucleon components are important in the
prdjectile and target: We have not, however, attempted to reconcile in

detail the differences in the CMI and SI results.

-

Detailed investigations of these methods "as applied to two neutron

18 16O), may be found in the refs. 26,28-30. Some of

(12 10B ) an (16 1h

transfers, malnly (

the features dlscussed above for C) have also been noted

for two-neutron transfer reactions.26’28—3o

i

3. Recoil Effects

One of the uhcertainties ass001ated with DWBA analyses of heavy-ion

induced.transtr reactions concerns the effect of the recoil terms [Egs. (A2a—d)]

‘neglectéd in the usual TWBA calculations.2o—22 Recoil terms havé been found

to be important in single-nucleon transfers, wﬁere both the DWBA amplitudes
and allowed L values are affected. t?20722

We have es%imated the effects of recoil for the two-proton transfer
(160, th) and (120, lOBe) in the following manner: 'the tWé nucleons are
assumed to be transfe;red as a cluster with relative motion nlll = 2E2 = 18

and singlet spin. Since Jl—J 5=9p=0 ;=0 only I;J2=JB is allowed and from (A6),

A1 =0 and A, = ;. Thevferm with nlll = n2£2 = ls and L = A2_is usually the

most important one in the sum (Ak).

'The di-proton clusters were bound in the projectile and target in

N

Woods-Saxon potentials with R = 1.28A1/3 fm, a = 0.76 fm and V adjusted to

fit the two-proton separation energies.



37— : LBL-1972

No-recoil DWBA calculations were performed with finite—fange form
factors generated using the Sawaguri-Tobocman m.ethods'o’52 and the DWBA ampli-
tudes were evaluated iq a no-recoil DWBA program.23 Calculations including
recoil were then made using the same di-proton wave functions but with a non-
locél form factor and DWBA amplitudes determined Vith an exact finite-range
TWBA program.52 The differences bet&een the two sets of calculations repre-
sent an estimate of the effect of reéoil in the evaiuation.of the DWBA

amplitudes.

1L

Calculations have been performed for L = 0, 2 and 6 for (160; c),

Q = -13.6, -18.5 and -2L4.6 MeV and (lgc, 10

Be), Q@ = -18.6 and -24.6 MeV. The
results are presented in Table V. The following featufes are observed:
‘(1) the relative cross sections for different L-values (< 6) at the same
Q-value are not‘Substantially altered by recoil; (2) the Q-dependence of the
‘cross sections, i.e., the deindéws (Figures 10 and 11) are affected, however,
with recoil introducing a shift in Qopt of v -4 MeV; (3) the position of the
maxima in the angular distributions calculated with and ﬁithéut recoil are
similar and shift with Q valﬁe whereas the data do not (see Figures 6, 7 and
14); and (L4) the absolute DWBA normalization changes with the inclusion of
recoil. Features similar to (2) and (4) have been noted by Buttle and dold-
farbgo and DeVries and Ku'bo22 in their analyses of single nucleon transfers.
The recoil effects indicated in Table V can be simulated by application
'of emperically determined correction factors to the no-recoil DWBA cross
sections, i.e.,

ng (recoil) = /NZJF(Q)OEW (no recoil) (A10a)

where

‘fYQ) = exp(-0.162Q) : (A10b)
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N, =0.25 for (160, 8¢
> , (A10c)
0.30 for (*2c, %e)

Egs. (AlOa-c) were determined from calculations L < 6 and =24 MeV < Q < -13 MeV

but may also be valid outside these limits. Alternate procedures to the one
suggested above could also be derived from the recoil approximations given
by Buttle and Goldfarb20 of Nagarajan.Zl |

The results .noted above in&icate that recoil corrections should bev
included in DWBA analyses of data spanning a range of several MeV in Q valﬁe.
Thus we have included the correction (AlOa-c) in the calculation of the

(120, 1oBe) and (160;.1h

C) spectra (Figures 19 and 20). The recoil correction
A + _ ‘ ,
reduces the calculated O g.s. cross sections by a factor v 2 compared with
+ .
those to the strong 2 state at Ex v 5 MeV. The enhancement factors (Table

IV), however, do not depend sensitively on the recoil correction since all

the calculations are for Q % Q g.s.
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Table I. Groups Observed in This Experiment -

—

208Pb(120,1oée)210%0 | 208Pb(166’ lh¢)210Po 268fb(16o, 14210,
E = T8 MeV _[ E = 10k MeV : E, = 140 MeV
R L R fo 5 ® 0(37.5°)
(Mev) g (ub) -~ (MeV) (ub) (MeV) (ub/sr) _
0 o4 * 15 o krs15 0 16 +
1.19 %t 9 1.14 23 + 10 - 0.75 9t 3
1.h6g) 46 + 118 1.47 37 + 1b 1.k42 31 + 6
2.278) 300 + 308 2.32 205+ 30 2.29 65 + T
2.56 55 + 8 2.51 i1 s 137 - —
2.85 21k 21 o.8k 247 + 317 3.0 108 + 11
3.058) 291 + 298) 3.08 182 + 207 — —
3.hlg,h) 83 s l9g,h) S o o o
3.70 394 £ 31 - 3.70 281 + 32f) 3.7k 10k + 11
| 4078 247 + 248 k.06 217 + 317 b.12 68 T
L. 36 v k1 + .8' — — _— -
h.53 70+ 11 L.50 91 + 27 — —
k.95 366 + 29 — — —
5.07 122 * 17 5,038 682 + 798 4.95 128 + 8
5.32) 19238 — — 52T 60t 6
5-_53h) uso + 36 5.438) 289 + 318 — —
.81 82 * 15 5.68 189 + 3 5.1 149 £ 15
.06 173 + 20 6.0k 203 + 25 — —
.29 66 + 16 6.29 200 + 25 — —
b9 60t 9 —_— —_ _ A

) N O WU

Tcontinued)
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Table I. (confinued)

208Pb(l2C, 10Be)2;oPO 208Pb(160’ 1140)21013O '208Pb(160"1hc)21013O

E = T8 MeV E. = 104 MeV E = 140 MeV
Exa? fo®? EXC) fo Exe) a(37.5°)
(MeV) (ub) (MeV) (ub) (MeV) (ub/sr)
6. 768 96 + 158 6.71 250 + 30 — —
— —_ 6.93h) 311 + 3hh) '6,8hh) 159 # 15h)
7.38 96 + 17 7.25h 357.1 36h) —_ —
7.75g) 182 + 26g)' 7.66 336 + 35 7.63 169 + 16
8.1 —_— —_ — — e
— — 8.71 384 + 38 8.77 183 + 18
- - 9.kk 393 + 39 9.23 93 + 14
—_ —_— 9.95 265 t 27 10.02 209 + 20
— — 10.26 256 + 27 —_ —
— — 10.66 504 + 50 10.81 386 + 25
S — 11.02 289 + 29 —_— _—
— —_— 11,40 386 + 39 —_ —
R —_— 11.70 — 11.66 341 * 25
— —_— 12.30 — 12.17 291 * 20
a) 30 keV, E_< 6 MeV; %50 keV, E > 6 MeV

b)
c)
a)

e)
)

g)
h)

Integrated cross section 6 = L4° to 82° (c.m.). Statistical errors are given.

+40 keV, E, < 6 MeV; *60 keV, E_> 6 MeV

Integrated cross section 6 = 33° to 79° (c.m.) except as noted. Statistical

errors are given.
+60 keV

Integrated 6 = L0° to 79° (c.m.).

Unresolved group of states.

May be due to projectile excitation (see Section VI).
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Table II. Comparison of Spectroscopic Factors fbr.gloPo and 209Bi
, a) ' . c)
Reaction - Ex da/an Assumed Ratio
(MeV) (mb/sr) s.p.2) ?5(?%)/c25(2%%1 )
20931(120, llB)glOPo_' 1.18 0.16 * 0.0L4 ‘ :
- : lih,,. 0.73 *+ 0.08
E_ = T8 MeV : . L.52 1.10 * 0.11 9/2
= 65° 2 % +
6, = 65 2.37 1.92 * 0.14 2fa s 0.70 % 0.06
2.94 0.44 * 0.07 5 ,
: 1i 0.89 * 0.10
3.20 0.65 * 0.08 13/2
, | 4-5.8 2.12 £ 0.21 2f5/2 - 3p 1.03 £ 0.11
2O9Bi(l60, 153)210p, 1.55 0.25 * 0.02 1h9/2  0.92 * 0.09
= : ' + . 1 + 0.
EL 104 Mev _ 2.40 2.64 * 0.08 2f7/2 0.95 £ 0.0k
= o o g + . +
6 67.5 | 3.11 0.79 * 0.0k ,1113/2 0.90 * 0.0k
4-5.8 3.33t 0 + 0.04

.13 gfs/e f 3p 1.1k

a) Excitation energy of centroid (%50 keV). See Figure 8.

b) States in 210Po assumed to be multiplets formed by coupling single particle

configuration listed to 2094 (lh9/2) g.s.
c) Ratio of summed spectroscopic factors for levels in 210Po and 209Bi as

209

deduced from cross section ratios using Bi data from reference 11.
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Table III. Lévels in 210Po
Previous Work _ This Work
Exa) Jﬁb) | ch) [Jf/Ji]cgsd) Exe)' JTTf)
(MeV) (s.p.u.) (Mev)
0 ot 0.18 0 (0")
1.181 2t 3.5 *+ 1.5 1.05 1.19 (2")
1.437 i (weak) 1.82 |
1.473 6" 2.65 1.L6 (L +67+8")
1.556 g* 3.30
2.188 8" 1.91 .
. o L . 2.27 (0 +8")
2.290 (2+,3+) (weak) 0.47
2.336 6 1.40
2.382 't (1.1)
2.387 3" 46 + 15
.403 5" (1.3)
. 405 )
.13 3 (0.7)
438 al (1.6) |
— — — — 2.56 (2")
2.658°) (weak)
2.8L9 11 3.10
N — — — 2.85 2")
2. 874 (weak)
2.910 5 13+ 4 0.5k
2.999 (97) (1.6)
3.009 (27)
3.017 T (3.2)
3.026 5~ 16+ 5 .
—_— - _— . 3.05 (&)
3.075 N 0.75
3.111 (37)
3.125 6 (1.2)

(continued)
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Table III. (continued)

Pfevious Work A ‘ _ | This Work
Exa) - an) 5. ©) I[Jf/Ji]Cesd) ' g ) | )
(MeV) ‘ A _ X J
, - (s.p.u.) - (MeV)
3.138 (87) o (1.8)
3.183 107 | | . 2:33
3.428 - (&) } ' ‘
3.437%) |  (weak) o 3.7
3.525  (5,6)7 |
3.699  (4%,5%,67) | |
— — — o~ .70 (37)
3711 (4F,5%,67) o ‘ |
3.727 (5)7 -
3.780  (7,57,67) o ~ 0.5
3.801?) - (wesk) o |
. h.o32d) ' ‘ : (weak)- ~1
h;105°) . (weak ) - hoot - (5T)
na® (weak) Co~p | i
Cu.237%) . (weak)
1336 _ ~0.5
). 30,8 11"
4. 346 o (weak)
bar2®) 13T | |
. h.377§) - -~ (weak) ~1 k.36
1. 466Y) o ~1
h.sheq) v o _ ~ 2.5 ©L4.53 (6%)
1.636%) o o~ '
hed) "
) 1T
k.18 ‘ ~0.5
—_ _— = - —— b95 (2%
- — ., = - — ©oso07 L (W)

(continued)
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Table III. (continued)

_Previous Work : ’ * This Work
g% an) ) ch)' ' [Jf/Ji]czs@) | Exé) _ Jﬁf)
(Mev) | (s.p.u.) ~ (MeV)
5.058%) 16" |
5.151%) - L ' veak -
5.223d) : ~ 0.5
— — — o — 5.33
' 5.53")
5.81
6.06
| 6.29
S | L 6.9
. 6.76
6.93")
7.38
T.75
~(See Table I)
a) Excitation in 21OPo'taken fromlcompilation of data given in reference 13,
except as noted. ZErrors typically < *3 keV. :
b) Taken from compilation referenée 13 except as noted.‘
e) (p,p') results (reference 16). Errors in E_ *10 keV.
d) References 18 and 19.
e) Results from (12C, 10Be) except as noted. Errors 30 keV, E_ < 6 MeV %
~ 50 keV, E_> 6 MeV (see also Table I and Figure 18). x
f) The spins listed are suggested assignments based on shell mod€él predictions
and calculated transition strengths (see Section VI and Figure 18). 'The
data, however, do not contain unambiguous spin signatures which permit
direct spin assignments.
g) (0,2ny) results (references 1l and 15).
May be due to projectile excitation (see Section VI).

h)

t
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Table IV. Comparison of Experimental and Calculated

210

2 . .
Cross Sections to the (h_.,.)" Multiplet in Po

9/2
a) : '
(E:V) " w.f.2lOP§b) {ig; ch%gzézgfgon calc./exp.e) EFf)
(120, 105, . .
78 MeV: 0 0 pure h9/2 9L -+ 15 0.1k6 0.28 3.57h)
— — - — 9.09
MT 3.0 2.09
KH-II | 3.58 3.30
KH-I - 1.75 1.23%) |
(4,0)8) 1.30 0.92") :
1.19 2 pure h§/2 36+ 9 1.35 | 0.67 1.h9h)
e o —_— —_— 3.79
MT S 1.52 - 2.77
KH-IT | 0.6k 1.51
1.4 4-8" pure hg/z 46 11 0.26 1.0%)
MT 0.70 1.0%)
KH-II 0.5k 1.0%)
160’ 1&0)
104 Mev: 0 0" pure hg/z 47T + 15  0.10 0.53  1.89
— — — —  6.60%)
MT 6.41 8.67
KH-II 7.60 1k.50
, , . KH-I 3.4 5.52h)
‘ (t,u)g) 2,45 3,86
1.2b 2" pure hg, 23%10  1.08 1.25 - 0.80
MT o 3.3L 9.36
KH-IT o 1.23 4. 89
1.47 4-8" pure hg/g 37 + 1k 0.1k 1.0%)
| MT - 0.58 1.0%)
KH-II o 0.4 1.0%)

(continued)
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Table IV. (continued)

a)

c)
a)
e)

g)

h)

From Table I (< +L40 keV).
Wave functions used for ?lOPo:
approximation 2), KH-I (reference 43, approximation 1), (t,a) (reference 17).

16

Cohen-Kurath wave functions used for ~ O and e (reference 40, set a).
From Table I (6 ~ 40° - 80° c.m.).

DWBA calculation using Vg; form factor. (see text).

MT (reference L4l), KH-II (reference L3,

+  + +
Ratio theory/experiment normalized to calculated sum of 4 , 6  and 8
levels for wave functions noted, except for KH-I and (t,a)-(see footnote h).

Enhancement of cross section as deduced from ratio of experiment to theory
) . . L+ + + : ) 2
using DWBA normalization to 4 , 6 and 8 states assuming pure (h9/2) or

mixed wave functions for the latter (see footnote h).

Using single-particle amplitudes deduced from an 210Po(t,a) experiment

(reference 17) and constructive phases.

+  + +
Using an average of the normalization for the 4 , 6 and 8 states obtained
with MI and KH-II wave functions. :
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Table V. Comparison of Exact and No-recoil DWBA Calculations

| Exact DWBA™ No-recoil DWBA®) Ratio®)
Reaction Q Ex L eggak OEW(G)e) eglak ODW(G)e) N'Exactil
(MeV) (MeV) (deg.) (wo/sr)  (deg.) (wb/sr) omreco
208p,(2¢,1%e) -18.6 o o 63  35.2 63 5.2 6.8
E = 78 MeV o 2 62  141.5 63 21.1 .7
6 62 80.6 63 12.1 6.7
246 6 0o 8 5.9 82 0.40  14.8
80  29.6 80 1.91  15.5
6 73 . k3.h 73 2.63  16.5
208 (16 lh C) -13.6 0 © 62 L7.L 62 21.1 2.2k
E = 104 MeVv 2 62 - 170.5 62 76.3 2.23
6 62 - 61.8 63 27.9 2.21
-18.6 5 0 65 40.0 , 67 7.6 5.25
65 166.5 67 .31.5 5.28
6 65 105.8 65 19.9 5.32
=246 11 0 78 s5.21 80 0.52  12.k
77 28.1 78 2.16 13.0
6 T2 48.9 3 3.51  13.9
a) Exact_finite-range DWBA calculation (ref. 53) assuming a di-proton transfer

b) .

c)

a)

with n 21 = nols = 1S and Ap = L (see text). tlcal arameters (Woods -

Saxon): = -ho MeV, W = =15 MeV, R = 1.31 (A 3+ A 3) fm and a = 0.45 fm.

Same as exact DWBA calculation (a) above except no—re001l approximation
- (Ak) is used (refs. 23, 50 and 52).

Ratio of peak cross sections for exact and no—rec01l DWBA calculations’

(see footnotes (a) and (b)).

Calculated position (c.m.) of maximum in the differential cross section.

The maximum value of the DWBA differential cross section (i.e., 6 = Bpeak)-
These values do not include the spectroscopic amplitudes for the projec-
tile or target (see text).
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FIGURE. CAPTTONS
Fig. 1. OSchematic diagram of experimental apparatus. Top: Spectrometer.
Bottom: Eléétronics for focal plane counter. The déshedvcurves represent
particle trajectories.
Fig. 2. An energy loss (AE/AX) vs. time—of—fliéht (T.O;F.) Spectruﬁ at the
| Spectrdmetef field setting (Fig. 3) for th(6+). AE/AX and T.O.F. have
been corrected for depenaence oﬁ Bp (reference 2). m/q (toﬁ) is the
approximate mass to charge ratio for the'groups indicated:
a 00(1Y), b oerty, e Borrh,

a: lSN(7+), e: 15N(6+), f: 13C(6+),

)

g: th(G*), h: 12C(S+), i: 13C(5+)

1k

. . ,
Fig. 3. A position spectrum (summed over six wires) for = C(6 ) (thick target),

E, = 104 MeV. Excitation energies are given in Table I.

L.
in ’ .
Fig. 4. Top: A comparison of (160, 1 C) and (120, 1OBe) spectra (thin target)

near the grazihg angle. The energy scales have been adjusted to be
approximately the same. Bottom: Excitation energies and spectroscopic

210 . . 209,
factors for Po levels [lhg/eébrﬂg]J observed in Bi(o,t) and

20913_1(3He,d), references 18 and 19.

Fig. 5. A th(6f) spectrum, E'(l60) = 1L0 MeV.

L
298Pb(120 10

Fig. 6. Angular distributions for groups observed in ,  Be). The

smooth curves are no-recoil DWBA calculations (see Section VI.D). The
. data points have been connected to guide the eye.

208Pb(l6o, ll‘c). The

Fig. 7. Angular distributions for groups observed in
smooth curves are no-recoil DWBA calculations (see Section VI.D). The

data points have been connected to guide the eye.
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Fig. 8. Top: Spectra (near'the grazing angle) for the single prdton_transfersr
16 . : ‘ .
(l o, 15 (120, llB)»on 2095, Bottom: Position and spectroscopic

209 209

N) and

factors for levels in 210Po observed in Bi(a,t) and Bi(3He,d),

references 18 and 19.

Fig. 9. The square of the form factor (MeV2fm-6) calculated (VSI'method) for

+ + : :
various 0 =+ 0 (120, loBe) transitions with Cohen-Kurath wave functions

2 : ' , ) 2
for 1 C (referenqes 39 and 4O, set a) and pure configurations for loPo.

R 1s the radius used in Eq. (4) and is near the interaction radius
deduced from the radial integrals (Fig. 13).

Fig. 10. The calculated dependence of no-recoil DWBA peak cross sections on

10

2 . .
L transfer and excitation energy for (l c, Be) using a fixed form factor

1y

-

(é-KR/KR, K =.1.6 fm ).
Fig. 11. .The calculated depehdence of no-recoil DWBA peak cross sections on

1h

L transfer and excitation energy for/(l6O, C) using a fixed form factor

(e BiRr, k.= 1.6 m ).

Fig. 12. The square of the scattering matrix elements B% (references 23 and

24) vs. %, the total orbital angular momentum in the incident,channel.- The

value of % deduced from the calculated grazing angle assuming pure

Coulombic orbits is indicated (= Q;i). I=M=0 for the g.s. transition.

Fig. 13. The square of the integrand (averaged over 0.5 fm in R) for the
radial-integral'determining.Bg, £ = 3Th (see Fig. 12).

method) peak angle in do/df

10gey, E, = 78 MeV. The

Fig. 14. Experimental (®) and calculated (VCMI

160’ 14 208

tor 228y C), E, = 104 MeV ana - pb('Zc,

L

calculation shown is for L = 4 (see Figs. 6 and T).
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o > | R A
Fig. 15. Dependence of IFL(Rm)I , R =12 fm (see Section V ) vs. the pro-

. 2 2 -, 2 2 + .
" jectile configuration: o P35 + B P15 (a” + B~ = 1) for 0 levels in

5 ‘ .
210Po of the form (n%j) . Solid curves: Jj = Jy = L+ % , dashed curve:

J = j% =L - 5 At the top mixing ratios for various projectile wave

e e 2 2 1
functions are indicated: pure lp3/2; pure 1p1/2; pure IS(7S); and Cohen-

16

12 - . .
Kurath 120 and = O (references 39 and 40, set a). V.. method used.

ST
Fig. 16. The calculated peak cross sections (VSI method, Eq. (4), no-recoil

208Pb(12 10

DWBA) for C, ~ Be) to levels in 210Po of the form [nlebrﬂQﬂj']J .

The j values are deﬁoted by j>(E L+ %J and j<(§ 2 —1%). Solid curves:
positive parity; dashed curves: negative parity. vCohen-Kurath wave
functions used for 1oC (references 39 and 40, set a).

Fig. 17. The calculéted peak croés sections (VSI method, Eq; (4), no-recoil

2085, (280, ¥¢) to levels in 2%0 of the form [nLj@n'2'3']; .

The j values are denoted by j, (= 2 +'%0 and j_(= & —'%)Q Solid curves:

DWBA) for

positive parity; dashed curves: negative parity. Cohen-Kurath wave
functions used for 16O (references 30 and 40, set a).

Fig. 18. A comparison of previously known (references 13—19) and predicted

( (referenéeé 43 and L4k4) levels in 210Po with groups observed in this experi-
ment. The bar graphs represent integrated cross sections (see Table I).
Groups labeled "a" could be due to projectile excitation (see Section VI).
Suggested level assignmenté (see text) are indicated by connecting lines:
— positive parity; --- negative parity . |

' . 12, 10

Fig. 19. Observed (top) and calculated (bottom) spectra for (~°C, ~ Be). The

calculations (V.. method, Eq. (4)) use CK (references 39 and 40) and MT

51

(reference 4l) wave functions and have been arbitrarily normalized. Correc-

tions for recoil have been included in the DWBA calculations (see text).



Fig. 20. Observed (top) and calculated (bottam) spectra for (160,
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Yhoy

The calculations (VSI method, Eq. (4)) use CK (references 39 and 40) and -

U MT (reference 4k) wave functions~and\have been arbitrarily normalized.

" Corrections for recoil'haﬁe been included in the DWBA calculations (see
text). 5 )

Fig. 21. Coordinate system used in VCMI method.

Fig., 22. Variation of calculated peak'cross‘section vs. radial cut-off in

‘the DWBA integrals.

Fig. 23. Comparison of asymﬁtotic‘form factors (arbitrary units) calculated

(lQC,'%OBe) (CK wave functions, :eférences 39 and 40) with (top) -

method. = Levels in 210Po of the fbrm - \ 

for
Vo method and (bottom) Vg,
[nlj@@rﬂl'j']J*aré considered with j denoted by j_(¥ 2 - %) and

j>(5 L+ %J. ' S01id curves: -positive parity; dashed curves: ' qegative

- parity.
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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.
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