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II. RESEARCH PROGRAM ,1’755[’9-

A, Direct Reactions

233Pa Excited in Helium-Induced Single-
T

L/&. Levels of
Proton Transier Reactions -- Th. W. Elze* and

J.R. Huizenga

Single-nuclecn transfer reactions have been shown to
be a senzitive means of studying heavy deformed nuclei. The
digtribution of strength among the levels of a rotational band

)

dependsl on the structure of the intrinsic state, and hence,
the measured differential cross sections give direct and de-
tailed informaticon about the nuclear wave functions. MNuclear
structure studies based on transfer reactions therefore often
complement =zimilar studies performed by investigating radio-
active decay.

Measurements of the {3He,d] reaction on 232Th supple-
ments our sarlier wnrkz} of the {EHe,d} and (n,t) reactions

233P

exciting levels of a. The exparimental technigues and

mathods of data analysis are gimilar to those described pre-
)

vinusly3 The target was prepared by vacuum evaporation of

Th metal onto a 20 ugfcmz carbon backing. The {3He,d} exX=~
periment was performed with a 28.5 MeV 3He beaam while the
(a,t) experiment was done with a2 30 MeV 4He bhaam.

The spectra of deuterons and tritons from the {3He,d}
and {a,t) reactions as recorded with an Enge split=pole

magnetic spectrograph at 60° and 453°, respectively, are shown

in Fig. 1. The excitation energies and abscolute differential

*
Institut fllr Kernphysik, Universitit Frankfurt, Germany.



Fig. 1:

Deuteron and triton spectra from the

232 233pa ana 232Th[u,t]233Pa

Th (*He,d)
reactions, respectively. The individual
peak numbers correspond to those in

Table 1.
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cross sections obtained for the wvarious groups are listed

in Table 1, along with the proposed assignments that resulted
from the analysis described below. A partial level scheme of
233Pa as deduced by combining our results with previously pub-
1ished data is shown in Fig. 2. Assigned levels observed in

the present experiment are shown in Fig. 2 by the thicker

lines, while the thinner lines indicate previcusly identified
lavels which are neot measurably excited in our experiments.

The present reaction results are interpreted by distorted-
wave Born-approximation (DWB&) analysis. The transferred
ancgular momentum is determined for each transition from the
Cross section ratin; R = da{u,t}fda{3He,dl, which is a sensitive
measure of the E-value. For most of therassigned levels_in
233Pa, the L=vaiue was determined to within two units of 2.

Lavel assignmente made here are based on a comparison
of measured and calculated spectroscaopic factors (see Table 2}.
The calculaticons wera performed with Nilsson wave functions
and included both Coriclis mixing and pairing effects. For
the odd-parity bands, 1/27[530%], 372 [5211] and 5{2"[523+].
the Coriolis mixing is found to be weak, and the calculated
spectroscopic factors agree reasonably well with experiment.
The .spectroscopic factors of the even-parity levels (i.e. the
13,.-'2+ states), however, deviate considerably from the experi-
mental wvalues. ]

In order to improve the agreement, we have performed

Coriclis calculations which employed all of the even-parity

. +
levels known from radicactive decay, as well as the 13/2



Table 1: Energy Levels of °--Pa Excited by the >>*Th(°He,d)
and 2321‘11[(: £} Reactions.
Line Excitation do/d& (ub/sr) Assignment
sneray (3He,d) 60° (o, t)45°
1 0 9.0:0.9 10.0:22.5 3/27 153041
2 57:1 §,6+0.9  24.022.0 7/2°[530+1]
3 10712 4,720.6  10.8:1.9 772 v02 (65143
4 17321 16.621.2 53.0%6,0 13727 (6514]
5 29823 1.620,4 4,2+0,7 /2 64241+ (7/2-15234]
6 35512 6.320.8  22.5:2,.4 ($/27[523+])
{7) 421:4 (0.420.2) (1.3:0.4) {11/27[523+41}
8 45012 3.320.6 6.3t1.7
9 52912 3.6:0.6 9.1£0.7 (13/2% 166011
10 5894 {0.420,2) 1.3:0.4 (13727 164241)
11 67023 2.620.5  (L.3:0.3) 3/27[521+1]
12 7043 1.520.4 2,6:0.4 5/2 [521%]
13 74911 21.721.5  29.2:2.4 7/27 152141
{14) BO3:4 {0.920,3 1.6:0,4 9/27[521+]
15 8524 1.8£0,4
16 3712 3.020.4 6.5¢1.1 11727 [521+]
17 9904 1.820,.4
18 11433 4.410.6
19 1179+3 4,120.6
20 124043 2.740.5
(21) 127425 (0.920.3) )
22 13184 1.520,4
23 135824 1,240, 3
24 140343 3,520.6




Fig. 2:

233Pa. The

Partial level scheme of
thicker lines represent levels excited

by the {3He,dl and/or dax,t) reactions,
while the thinnexr lines indicate pre-
vicusly identified levels which are not
seen in the present work. All energies
are rounded off tc whole keV. The 104

and 108 keV states are not resolved in the
present experiment. Their energies were
adopted from radicactive-decay studies,

as were the energies and assignments of

all other previcusly known levels., Paren-

theses indicate uncertain assignments.
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states. In these calculations, the Coriclis matrix elements,
the hand-head energies and the decoupling parameter of the
lf2+[650+] band were treated as parameters and were determined
from an energy fit to the known levels, while the rotational
parameter ﬁzjzﬁ wag held constant in each of the ecalculations,
No satisfactery agreement between the experimental and cal-
culated energies of the 13f2+ lavels was obtained from this
i-kand fit. From Tabkle 2 it is seen that the measured
spectroscopic factors are alsec at variance with the calculations.
These differences between experiment and calculation are
not unexpectad, however, The above-menticned even-parity
configurations all criginate from the il3f2 spherical state
whose components are conhected by large Coriolis matrix
elements. The couplings to the il]fE components which are
not included in the 3-band mixing calculation azre therefore
not negligible and must also be taken into acecount. In an
attempt to estimate the mpectrosceopic factors we have diagonal-
ized the complete Coriclis matrix for the 13j2+ levals of the
172% (66041, 3727 (65141, ss2¥ (64241, 7727 16331), 9727 [6241],
1lf2+[515+] and l3f2+[EDE+] bands. In this calculation we
nzed the Coriclis matrix elements between the lj2+[55ﬂ+] and
3{2+[551+] and hetween the 3}2+[551+] and 5j2+[542+] hands
as determined from the 3-band fit, while the matrix elements
connecting the remaining bands were calculated with Nilsson
wave functions. The energy locations of the ?fzf[633+].
o/2% (624¢], 11727 [6154) and 13/2%(6064] configurations were

determined by using the Nilsson eigenenergies for the unmixed



=11~

Table 2Z: Spectroscopic Factors”
5 - factor
S5tate U2 Calculated Chserved
pure Coriolis 3
config. mixeda) ("He,d) (a,t)

1/27(5304] 0.47 0.02 0.02

/2" 0.15 0.16 0.42 0,26
5/2- H 0

7/2" 0.50 0.57 0.57 0,65
9/2" 0.17 0.19 h) b)
11/2- 0.08 0.09 b) b}
5/2- [523+] 0.83 0.02 0.02

2/2 0.05 0.04 0.10%)  5.139
9/2" 1.55 1.57 1.47 1.80
11/2° 0.03 0.03 (D.09) {0.11)
3/27 [5214] 0.90 0.07 0.07 0.0%9 0.05
5/2° 0.02 0.02 0.08 0.09
7/2° 1.40 1.34 1.15 1.08
9/s2 0.18 .15 0.19 0.14
11/2 0.09 0.08 0.62 0,59
3721 16514 0.43 0 0

5/27 0 9.01

’ +

2 0 0 0.35 0.28
9/2 0.06 0.13

1172% 0.01 0.02

13727 0. 78 2.31 3,969  5,16%
1/27 (660t 0.25 0

3727 0

5,2% 0.01 0

1727 0 0

as2t 0.05 0.03



Table 2, cont'd

5 - factor

State u Calculated Observed
ure Coriolis 3
cgnfig. mixed® ("He,d) (o s t)
112" 0 0
13/2F 0.38 0.12 1.00 0,913
s/2% (6424 0.76 0 0
7/2% 0 o 0.12°7  g.12%
g 2% 0.05 0.01
11,72% 0.01 0
13727 1.45 0.18 0.11 0.14

n

The S factor used in the table is related tc the spectroscoplc
factor § defined by Satchler [ref. 1] by § = 5/{2J+1), where J
is the spin of the rotational level excited by the stripping

reaction.

al

b)

Obscured by the 13727 [65141] group.

Obtained from 3=-band mixing calculations.

“)possible doublet 7,27 [523+) + 7/21(64241. The entries in the
table are calculated on the basis that the experimental strength

is due only to cne level.

d)

May contain admixtures from the 9{2- and 11}2'[530+] levels,
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single-proton levels with an appropriate curractiun for
pairing effects. o further adjuatments were made. The
spectroscopic factors obtained from this 7«band calculation
for the 13f2+[642+], 13f2+[ﬁﬁﬂ+] and 13f2+[6511] lavels are
0.31, 1.08 and 3.14, respectively. The corresponding wvalues
from the 3I=band fit are 0.18, 0.1Z and Z.31, whereas the
experimental values are 0.13, 0.97 and 5.06. On the whole,
the agreement with experiment is improved when the additional
bands are taken into accocunt. It is important to mention,
however, that the spectroscopiec factors are very sensitive to
changes both in the energies of the levels which are included
in the mixing calculaticn and in the values of the matrix
alements which connect the various levels. Hence, the S-factors
resulting from the present calculatich are only approximative.
More exact Coriolis calculations will become feasible to

make when additional components of the il3f2 shell are

identified by experiment.

1) G.R. satchler, Ann. Phys. (N.¥.) 3, 275(1958).

Z) Th. W. Elze and J.R. Huizenga, in: Contributions, Inter-
national Conference on Properties of Nuclear States,
Montreal (1969) p.253.

3) Th. W. Elze and J.R. Huizenga, Fhys. Rev. Cl, 328(1%70),
and Nucl. Phys. Al49, 585(1970).
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2. Collective Levels Populated by the 23ﬂ£h{d.d'},
24?£P[d,d‘l and 244Pu[d,d‘} Reactions -- R.C. Thompson,

= * * &
J.R. Huizenga, Th. W. Elze and J.P. Unik

Inelastic scattering of deuterons strongly populates
states of collective nature in heavy nuclei. In particularx
the low-lying octupcle bands in the actinide nuclei are amenable
to study with the (4,d') reacticn. Earlier workl+?! has shown
that the octupole bands cbserved with this reacticon exhibit
a rather stable, characteristic signature pattern in the

actinide region.

3¢ 240 244

Isotope separated targets of 2 Th, Fu and Fu have

bean bombarded with 16 MeV devterons. The scattered particles
were detected at two angles, %0° and 125°, and were analyzed
by an Enge split-pole magnetic spectrograph. The deuterons
ware detected by photegraphic plates in the focal plane of

the spectrograph.

23 24

The 125° spectra of the IE'Tl'lin:'i,,t?;'123""'T114, DPu(d,d'}EQGPu

244 244

and Pu(d,d") Fu react;ans are shown in Figures 3, 4 and 5,

respectively. In addition to the excitation energies of the
levels in each reaction, the absclute cross sections of each

level were measured at the above two angles. The energies and

23ﬂT Edﬂpu

cross sections of the low-lying levels of h, and

244Pu are summarized in Tables 3, 4 and 5, respectively.

230 230

In the Th{d,ad') Th reaction we have populated the

greund state bhand up to the 8¥ lavel and have seen the 0% beta

o

Institut far Kernphysik, Universitit Frankfurt, Germany.
*n
Argonne National Laboratory, Argonne, Illinois 60433,
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230

Fig. 3: Levels cof Th excited by inelastic

scattering of 16 MeV deuterons.
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40

Fig., 4:; Levels of 2 Pu excited by inelastic

scattering of 16 MeV deuterons.
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Fig. 5: Levels of 244Pu excited by inelastic

scattering of 16 MeV deutsrons.
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230

Table 2. Cross sections and energies of levels in Th
excited by the {d,3') reactica.
tine Snerey guUOnT GUasT pdetnn assion
pb/sx ub/sr K, 3"
1 0 39300 8290 4.74 9,07
2 54 {2) 5012 2140 2.34 0,2%
3 173 (2} 541 259 2,09 0,47
4 357 (2) 29,0 5.2 ,82 0,6"
5 506 (2} 32,5 37.7 .B& 0,1
6 570(2} 246. 126. 1,95 0,3
7 592 (4) - 10.3 _— o,8%
8 632(3) 8.4 9,4 .89 0,0%
9 682 (2) 39.7 35.3 1,12 0,5%
10 781(2) 83.5 38,9 2,14 2,27
11 852 (4) - 7.8 - (0,7 )
12 881{4) 12.4 6.0 2,07 (z,4%)
13 951(3) 12.1 7.3 1,66 1,17
14 1011(2) 175. 108. 1.62 1,3
15 1110(4) 23.1 12.1 1,91 (2,37)
16 1125(3) 28.2 23.% 1,18 (1,5 )
17 1571(3) 6.8 19,2 1,92
18 1591 (3) 38.2 24,1 1,59
19 1628 (2} §5.3 38.5 1.70
20 1663(3) 23.1 13.5 1.71
21 1695 (4} 20.0 9.9 2,02
22 1718 (3} 18.6 12.1 1,54
23 1791 (3} 32,9 15.9 2.07
24 1842 (4} 26.4 12.6 2,10
25 1858 {4) 37.1 12.6 2,94

al! The absclute values of the 90° cross secticns for levels 4 through
25 were not experimentally determined. The normalization was adjusted
s¢ that the K,J"=0,3" level has the same 3%0°/125° cross section ratio
as the average of the ratios of the 0,3 levels in 23%y, 238y, 238p,
240py, and 29%2pu,

b} Assignments in parentheses are uncertain.
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Table 4, Cross sections and energies of levels in 240py
excited by the {d,d4') reaction.
Line  JEMSISY 35000 guzsn ey AT
vb/sr nb/sr K, 57
1 D 50000 10400 4,81 0,0"
2 45 (1) 8280 3760 2,20 0,2"
3 142 541 370 1.46 0,47
4 292 (1) 53.6 73,2 .73 0,6
5 497(2) 8.0 7.6 1.08 0,8t
6 556 (2) 28.0 47.5 .59 0,1
7 649 {1) 289 128 2.26 0,3”
§ 742(1) 21.1 30.4 .69 0,s”
g 939(3) 9.4 11.3 .83 2,2%
10 1001 (1) 146 80.5 1.81 2,3 (a)
11 1077 (4) 21.9 16.8 1.30
12 1118(2) 13.9 15.3 .91
13 1135(2) 66.1 10.8 2.15
14 1199 (2) 11.8 7.2 1.64
15 1224 (3) 28.5 22.0 1.30
16 1282(2) 162 95. 7 1.65 3~ (2l
1% 1313(3) 28,4 6.4 4,44
18 1379 (4) - 5.8 -
19 1407 (3) -- 18.6 --
20 1519 (4) - 8,2 -
21 1538 {3) — 17.4 -
22 1558 (4) - 10.0 -
23 1574(2) 33,4 20.9 1.60
24 1586 (4] 29.0 17.4 1.67
25 1609 (6} 21.8 7.7 2.83
26 1625 (6) 15.9 6.0 2.65
27 1641 (5} 16.1 12.3 1.3
28 2658 (5} 15.0 6.6 2.27
2% 1675 {2) 69.8 37.3 1.87
30 1752 {3} 47 .2 35.2 1.24

continued



Table 4. {Continued)

-3

wk/sr Lb/sx X, g

il 1771{4) 17.0 7.4 2,30
32 E7B4(3) 15.9 17.4 1.14
33 1B04 (&) - 7.9 --
4 1824 (6} - 5.7 -
as L8374} 17.0 7.2 2.36
16 1B61{3) 24.8 19.3 1.28
a7 1880 (&) - 7.6 -—
ag 1802(3) 3.5 19.3 1,89
39 1323(3) 45.0 34,0 1,32
a)l

K value uncertain.
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244

Table 5, Cross sections and energies of levels in Pu
excited by the {(d,d') reaction.
Line otikay  ge0n Faseo migmmy AR
ub/sx R, R
1 0 50300 10400 4,84 o,0"
2 46(2) 10400 4592, | 2.26 0,2%
3 154 (2) 615, 262, 2,35 a,4"
4 315 (2} 89.8 81,2 1,11 0,6%
5 537 (4) 13,7 —- o,8%
6 957 (2) 367. 147. 2.50 2,37
7 2015 (2) 278. 81.7 3.40
8 1061 (4) 26.7 37.7 .71
: 1075 (4} 47.0 37.0 1.27
10 1108 (2) 168, 125, 2.94 3~ (e
11 1194 (3) 19.4 20.9 .93
12 1210 (3) 31.7 15,7 2.02
13 1251 {4) ---a) 3.9
14 1278 {4) ---a) 5,4
15 1353 (4) -..a) 11,1
16 1378 (3) 100”? 21,4
17 1434 (3) 1500} 15,7
18 1613(3) 270! 105. 3-ie}
19 1783 (3) 40b? 19,3
20 1805 (3) 30%! 9.8
21 18471(32) S 10.1
22 1896 () 70°) 21.7
ajﬂbscured in 90° spectrum. It ig possible that these levels are
not 24%pu states. .
b)

There are very large errors associated with these cross sections.

C}K assignment uncertain.
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band head at 632 keV. The 27 level of the y—vibrational

band has been observed at 781 keV, The K =0, I'"=1" band

is observed at 506 keV aleng with the 37, 5  and 7~ rotatienal
menbers, The level at 1011 keV is strongly excited and is
clearly a 37 level. A level at this ensrgy has been previously
assigned a tentative spin-parity of 2%, The 1011 keV level is
probably a member of the K=1 octupecle band with the band head

at 951 keV (line 13},
240

¢

Pu{d,d']quPu and 24

In the 4Pu{d,d‘]zuPu reactions

we have also observed the ground state rotational members up
toc the 8§ states. OFf the four possible octupcle bands we

assign the K"=0" band and the 3~ levels of two additional

bands in 24&Pu. One of the striking differences betweean 244p,)

and the lighter actinide nuclei is that the K"=0" band is no

longer the lowest ootupola kand. In the cazse of 244Pu, the

lowest energy octupole band is the K"=2" band. From Fig., 5,
one observes that the very intense 3~ lewvel (line 6) is the
first line excited above the ground state band.

The relative wvalues of the B{El:ﬂ++l"} have been extracted
from the cross sections for the identified 2 and 3~ levels of

each nucleus. The relative wvalues of the EI(E3)} reduced matrix

230

elements for Th are in fairly good agreement with the micro-

scopic calculations of Neergard and nge13}. In this case, two

octupole bands are atrongly excited. For the isotopes zlll:II:E?'u

and zqdpu, all four octuponle bands are rather strongly excited

and the strength is about evenly distributed over the four

hand for 2'“'I‘l?u.
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1} ph. W. Elze and J.R. Huizenga, Nucl. Phys., A187, 545(1972).

2) J.S5. Boyno, J.R. Huizenga, Th. W. Elze and C.E. Bemis,
Nucl, Phys. &209, 125(1973).

3) K. Neergard and P. Vogel, Nucl. Phys. Al49, 217{19%70).
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3. Collective Levels in U and

Pu Excited by
Inelastic Deuteron Scattering -- R.C. Thompson,

* "%
J.R. Huizenga, Th. W. Elze and J.P. Unik

Inelastic scattering of l6 MeV deutercns has been
used to excite the ¢ollective levels of the odd-A nuclei

233U and 239P

u. The scattered deuterons were analyzed with
an Enge Split-pole magnetic spectrograph and detected with
photographic plates, Spectra were taken at 20° and 125°
for each nucleus. The resulting plates are in the process

of being scanned.

*
Institut fur Kernphysik, Universitat Frankfurt, Germany.

**Argonne National Laboratory, Argonne, Illinois 60439,
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4, Study of the lgzgglp,tilgngg, lgegs{p,tjlﬂggs and
lg%gs{p,tjlaﬁys Reactions -- R.C. Thompson, J.R. Huizenga,

] ik * ik
D.G. Burke , Th. W. Elze and J.5. Boyno

As a result of shape isomerism being observed in the

1} ana ca?!) nuclei by the (p,t) reaction, there has been

Em
gseme interest in applying this method to the transition
region between the rare-earth and iead regions. We have

leoked at the (p.t) reaction with targets of 19205, lgnos,

and 188g;,

The targets were made by evaporating isctopically
enriched samples of csmium metal onto carbon backings. These
ware then bombarded with 189-MaV protons and the exiting
tritons were analyzed by an Enge split-pole spectregraph and
detected by photographic plates. The disparity in the {p,t}
strengths of the grovnd states and thé excited states made
it necessary to make two separate exposures for each spectrum,
The short exposure provided information on the ground state

+

and first J° = 2 level, and the long exposure showed the

exc%}ed states. The ground state band 2% level was seen in
both the long and short runs and anabled uvs to extract
absolute cross sections for all states.

For the reactions on all three targets, complete angular
distributions from 1l0° to 65° in 5° steps were made for the

192 130 188 135Ds

short runs. In the Osip,t) Os and Os(p, t)

w " . .
Physics Department, McMaster University, Hamilton, Ontario.
x % n .
Institut £ir Kernphysik, Universitat Frankfurt, Germany.

x k% . *
Cyclotron Laboratory, Michigan State University, East
Lansing, Michigan 48824.



-29-

H

reacticns the same complete angular distributions were taken

190 188

for the ilong runs. In the Os(p,t) O reaction, however,

»

only four long exposure spectra were taken: 10°, 25°, 407,
and 5%¢, The very stable and characteristic angular

distributions of the ! = 0 transfer enabled us to make

T 188

a'’ = ot assignmentg in

lgnﬂs and 13605 nuclei.

08 with as much confidence as in

the

A& (p.t) run was alsc made on a target of natural csmium.

From this we have been able to determine the ground state

1% 134@ 189 188

O-values pf the zos{p.t}. os(p,t}, os(p,t}, Csi{p,t)

187

and 0si{p,t) reactions. These are given in Takle b,

In Table 7 are listed the low=lying excited states

192 120 190 188

cbserved in the Osi{p.t) Os and Cs(p,t) 0s reactions

and the cross sections for the 253° spectra. The spectra of

188 EDs reaction are in the process of being

the 880s(p,t)1"
analyzed.

one of the crucial criteria for the observance of shape
isomerism in a {p,t) reaction is the population of an excited
o¥ state with an appreciable fraction of the ground state
strength. &As an example, in the G4 nuclei there are states
with approximately 15% of the ground state cross sectionz}.

Table 8 shows the strengths of the axcited ot states of

laﬂﬂs and 19ﬂ05 relative to their ground statea. All of the
states have small cross sections. From this one can conclude
that the ground states of 19205, launs, and 13505 are similar

in character.
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Takle &

Q-values for {p,t} Reactions on Csmium

Target Ground State Szn
Mass q;::ﬂ;?e from present

results

(keV)
187 -6074+4 14556+2
1838 -5803+4 14285+4
18% ~-5432+4 13914+4
130 -5237+4 13715+4
192 ~4 83744 13319+4




Levels populated in the
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Table 7

192

os{p,tilgﬂns

and 15005 (p,t) 133{}5 reactions.
19205 {p,t]lgﬂﬂs 19005{9,’&}13305
line Excitation Crogs Assign- line Exeitation Cross Assign-~
nunbar (kev} sectic-na‘]' ment number {kaV) sectiond) ment
(wb/sx}) (5} (eb/sx}  (IV)
1 ] 823 ot 1 0 815 ot
2 187 79 2 155 79
3 548 8.2 3 177 15
4 554 20 4 632 17
5 911 23 o¥ 5 965 (5.4
6 954 5.7 6 976
7 966 1.1 7 1086 24 o+
8 1055 1.6 8 1279 2.1
9 1113 1.8 9 1304 5.0
10 1162 1.0 10 1413 10
11 1384 11 1458 1.5
12 1396 (13} 12 1477 16 ot
13 1434 2.7 13 1566 3.1
14 1540 8.8 ot 14 1617
1s 1613 1.0 15 1626 t5.0}
16 1680 3.4 16 1666 2,9
17 1706 2.0 17 1702 6,2 o+
18 1717 1.3 18 1732 1.3
1% 1731 23 o+ 19 1747 1.8
20 1763 1.5
21 1769 < 0.4
22 1808 3.0
23 1821 3.5 ot
a}

Cross =saction for 25%.
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Table 8

Relative strengths of the J7 =

ﬂ+

levels populated in the

lgzﬂs{p.tllguﬂs and lguﬂs{p,t}lﬂaos reactions.

19208 (o, 1 7%:s 190455 (p, £31880s
Excitation % of Excitation %2 of

{(keV) ground statea] {keVv) ground statea}

911 5.55 1086 5.97%
1540 1.82 1477 1.40
1731 7.19 1702 1.30
1821 1.05

a)

25% 40°, and 55% spectra.

The total cross section of the states are taken to be
tha sum of the differential cross sections of the

10°,




It is possible that the nonchservance of shape isomers
in osmium results from the fact that the (p,t) reaction looks
at the ground state change with the addition of two newtrons.
In the osmium region deformation changes fairly slowly with
neutren number but gquite rapidly with proten number. The
reverse is true in the Gd-Sm transition region. In addition
to shape isomers caused by abrupt deformation c¢hange, there
has been some guestion as to whether there might ke cbserv-
able effects caused by the change in y-stakility of the
cemium which has been indicated by a microscopic calculation
of Kumar and Barangerg}. There seems to be no obvicus

effect on the (p,t) cross secticns.

L J.R, Maxwell, G,M. Reynolds and M.M, Hintz, Phys. Rev,

151, 1000(1566&),

2) h. W. Elze, J.S. Boynoe, and J.R. Huizenga, Nucl. Phys.
ale7, 473{1%7%).

3) K. Kumar and M. Baranger, Nucl. Phys. Al22, 273(1968)}.
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BE. Compound MNucleus and Statistical Reactions
\J%( Level Densities for Spherical Nuclel -- J.R. Huizenga,
.'.

A.N. Behkami', J.8. Sventek!T and rR.W. Atcher

The nuclear level spacings determined from neutron
resonance experiments for nuclei with 20 £ A g 148 and
181 < A £ 209% have been compared with spacings calgulated for
spherical nuclei with a mieroscopic thecry which inelundes the
nuclear pairing interacticn. The level density of a spherical
nucleus for a particular value of the angular momenhtum I is
givan by

p({E,TI) = w{E,M=I} - w(E,M=I+1} {1)

where M is the projection of I on a space-fixed axis and
w(E,M) is the density of states of a particular projection M.
Since many independent degrees of freedom contribute to M, the
density of states w{E,M) iz expected to approach a normal

distribution,
W(EM = [w(E) /(2762 (E}1 /%) exp [-M2/20%(E)] (2)

where w{E} is the total state density and GEIE} is defined as
a spin cutoff factor. From eqs. (1) and {(2), one oktains to

a good approximation the spin dependent level density,

p(E,I) = [(2141) /(84) > 263 () JuiE) exp[~I (I+1) /202 (B) ). (3)

The state density w(E) is calculated with realistic

1,2) by

sets of single particle levels the grand partition

_I_
it

Department of Physics, Pahlavi University, Shiraz, Iran.

Lawrence Berkeley Laboratory, University of Californila,
Berkeley, California 94720.
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function method for a system of interacting Fermions. ‘The
Hamiltonian describing a system of paired Fermiocns is
approxXximately diagonalized by means of 2z transformation where

the quasi-particle excitations are considered to be independent

3)

Fermichs with energy

2

~ AT+ ﬂzllfz

E (&)

K = [{Ek

where ) is the chemical potential, ¢, the single particle

k
energy and 4 the gap parameter which gives a measure of the

pairing eorrelation. The =spin cutoff factor GZIE} is cal=-

culated also with the microscopic theory.

The theoretical to experimental lavel spacings from
neutron capture resonance data are plotted in Fig. 6. The

solid points are based on the single particle levels of

L and the open points are based on the sfingle

particle levels of Nilgson, et 51.2}. The gross features of

Seeger, et al.

the expﬂrimental data due to nuclear shells are reproduced
with the microgcopic theory. In addition, the absolute agree-
ment between experiment and theory is reasonable (67% of the
151 cases axamined agree to within a factor of 2) in view of
uncertainties in the experimental data, the theoretical single
particle levels and the pairing strength.

In Table % a comparison is made for sevetral nuclei for
gingle particle levels of Seeger, et al. and NWilason, et al.
The overall agreement, for all nuc¢lei betweaen experiment and
thecory for each set of single particle levels is comparable,

However, the single particle levels of Nilsson, et al. give a
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Fig. 6: The ratio of the theoretical level spacing
to the experimental level spacing as a
functien of mass number, The different
symbols refer to the different types of
nuclei, Cleosed symbols refer to theoretical
spacings calculated with single particle

1) and the

levels of Seeger and Perisho
open symbols refer to theoretical spacings
calculated with single particle levels of

. Z) .
Nilsson, et al. . 'The ratios Dthea.{Pexp.
plotted in thisg figure are ralcunlated with

the most favorable value of Dexp.
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Tabla 9.

Comparison of theoretical level spacings caleculated with spherical single particle

levels of Seeger and Perishol} and Wilssocn, et EL.ZJ.

Tager Lot niclews  To* 2 ﬁ;v (a) o T:;EH (c) The?d:n - (e)
By I- W03 3w, 4~ 11.67 3600 6000 9100 23,000
&lyi % - 5243 1-,2- 10.63 2300 1400 3300 2600

101, % + 1020 2+, 3+ 9,22 16 15 18 20 13
115, % + 116gn 0+, 1+ 9.57 50 50 36 470
117, 1, 118, O+, 1+ 9.33 25 65 as 33 150
Wen 3+ 120 0+, 1+ 9,10 10 62 70 20 130
13754 2. 138p, 1+,2+ 8.61 200 460 230 160 460
185, 24 186pe 24,3+ 6.18 1.8 3.2 3.3 2 8
187, >+ 188pe 24,3+ 5,87 4.5 6.4 3,8 3 7
1874 L. 1885, 0-,1- 7.99 14 9.1 3 10
189, % - 1904 1-,2- 7.79 5 4.3 5 8
193, E 134, I+, 2+ 6.07 8.2 8.5 8.0 12 12

{continued)

....BE-



Takle 9. {continued)

Compound 1 * D in ev D- in v
Target I ,m I * =7 E exp Theo
Nucleus o 2 MeV (a) (b} {c) {d} {e)
195 % . 196, 0-,1- 7.92 18 19 12 15 15
1970 % + 198, 1+,2¢ 6.51 17 16 16 12 25
139, %-- 200, 0-,1- 8.03 70 84 75 ~ 24 60
20l %-- 202, 1-,2- 7.76 100 110 90 20 104
2054, % + 206, 0+, 14 6.54 10,000 19,000 4000 300 5000
206, 0+ 207y, 1+ 7.11 24,000 50,000 800 11,400
2075y, % - 208, 0,1~ 7.67 8000 22,000 60,000 500 6700
a}Data compiled by Lynn, The Theory of Nentron Rescnance Reactions (1968}, Clarendon, Press,rﬂxfurd.
b}Data compiled by Baba, Nucl. Phys. AlS59(1970)625.
C}Datﬂ compiled by Vonach, et al., Nucl. Fhys. AZ17(1973)269.
dlcalculated with spherical single. particle levels of Seeger and Perishol}.
e) 2)

Calculated with spherical single particle levels of Nilsson, et al.

-

-KE-
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much better agreement with experiment for nuclei very near
2DHPb. This is associated with the 82 proton and 126 neutron
shell gaps being smaller for the Seegser single particle levels
" than the Nilsson, et al. single particle levels.

The theoretical values of the level spacings which are
reported here were calculated with single particle levels
for spherical nuclei. Although the well known statically
deformed nuclei in the lanthanide and actinide regions of
the pericdic table ére not included in this survey, sone
nuclei are included which may have small deformaticns and
others which are in transition regions between spherical and
deformed nuclei. This subject of the effect of deformation
on the level density is discussed in the following report.
For the nuclel included here, no enhancement in the level
density due to either rotational cor wikrational levels is
assumed. The general agreement between the experimental and
theoretical spacings for the included nuclei as a function of
A may be interpreted to mean that ne enhancement dus to
collective excitation is justified. This conclusion is,
however, not warranted since uncertainties in the paixing
energy and single particle density mentioned earlier allow
for the possibliity of some contribution o the level density
due to collective excitations. If such an enhancement exists,
the present results indicate that it is rather independent
of A.

Values of the spin cutoff parameter GE{EJ, calculated

with the microscopic theory, are plotted for several even-even



-]

nuclei in Fig. ¥. The excitation energy for all nuclei is

7 MeV. The values of GE{E} do not increase smoothly with A

as expected on the basis of the macroscopic theory with a
rigid-body moment of inertia. Instead the wvalues of UziE]
show structure reflecting the angular momenta of the shell
model crbitals near the Fermi energy. The total magnitude

of UEIE} is made up of a sum of a neutron and proten component.
The trends in the valnes of szE] with & calculated with the
microscopic theory are in general agreement with experimental
informaticn.

In summary, the values of the level spacings and spin
cutcff factors calculated with the microscopic theory in-
cluding nnclear pairing for realistic sets of single particle
levels are in good agreement with experiment, In particular,
gross features of the experimental data due to nuclear shells

are reproduced,

i) P.S. Seeger and R.C. Perisho, Los Alamos Scientific
Laboratory Report, LA-3751 (1957).

) 5.6. wilsson, et al., Nucl. Phys. A131{1969)1.

3)

N.N. Bogoliubov, Nuovo Cimento £{19531?94.
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Fig. 7: The spin cutoff parameter, uz, for an
excitation energy of 7 MeV is plotted
as a function of the mass number A for

even-even spherical nuclei.
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2. Lewvel Densities for Nuclei with Static Defermaticn --

J.R. Huizenga, A.N. Behkamif, R.W. Atcher, J.5. Sventeka,

T Tttt

H.. Britt and B, Freiesleben

A level density formula including low-energy rotational
levels for nueclei with axially symmetric deformation has
been tested with neutron resonance data for lanthanide and
actinide nuclei. With the inclusion of retational levels,

the spin dependent level density is given by,

. K=+T 5 . X
e (E,I) = [1;{3n11f2ullfEJ]mintr[E; [ exp - K IUXDK
: . Em—T 2{!H {E} Ecu_ [E}
: (1) _
. , ] - o
where wintrtE} is the particle state density and u” and 9,

are spin cutoff parameters defined paralled and perpendicular
to the nuclear symmetry axis. The guantity a“2 is related to
the total projection of the particle angular momentum on the
nuclear symmetry axis and iz calculated with the microscopic
theory whereas ng is estimated with a macroscopic thegrg.

The'énergy dependence of the level density is contained in

i

intr
cluding nuclear pairing. It is rather easy to show that the

(E) which is calculated with a microscopic theory in-

particle state density is related to the totzl state density

which includes particle and collective rotational states by,

w(E} * w. . (B) & 2(E}. (2)

intr

tDepartment of Physics, Pahlavi University, Shiraz, Iran,
t+Lawrence Berkeley Laboratory, University of California,
Berkeley, California 94720,
tttLos Alamos Scientific Laboratory, Los Alamos, New Mexico,
+t++tFachbereich Physik, Universitft Marburg, Germany.



The c&lculatinns are performed with deformed single particle
levels of Rilsson, et El.l}.

The thecretical to experimental level spacings from
neutron capture resonance data are plotted in Fig. 8. The
80lid points represent deformed nuclei where deformed single
particle levels are used and collective rotational levels are
added in the theoretical calculations. The open points
represent spherical nucleinyhere gpherical single particle
levels are used and only particle excitations are included
in the theoretical calculations.

The guestion of the sensitivity of D to a particular

theo,
set of single particle levels was investigated by performing
caleulations with single particle levels calculated by

2) and with single particle levels calceunlated with

Nix, gt al,
the deformations and parameters of Tsany, et Ei'a}' The
regults are compared in Table 10 and are guite similar.

In the present fermulation, any enhancement in the level
density due to vibrations has been neglected. For the case of
an axially symmetric nucleus, the enhancement in the level
density due to vibrations is calculable with the same type of
formalism as that discussed for rotations and is given
approximately by‘l [1-exp[iﬁme]_?. The exponential factor is
for a vibrational mode with g=-fold degeneracy. The predicted
enhancement in the level density depends on the ratio of hw/T
and g. For heavy nuclei, Ta/T is of the order of 1 to 2.
Hence, the enhancements in the level density for heavy nuclei

due to vibraticnal excitations is expected to he an order of

magnitude less than that due to rotations.

i
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Fig. 8: The ratios of the theoretical spacings to

the experimental spacings are plotted as a

function of mass numbef. The points represented

by selid symbols are for calculations of Dthea.
based on single particle levels calculated for
deformed nuclei with the deformations and
parameters of Nilsson, et ié.l}. The open
symbols are the same except for spherical
nuclei where Dtheo. is calculated with the
equations for spherical nuclei in the previcus

report.
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Table 10. Comparison of experimental and theoretical level spacings for three sets

r

of single particle levels.

in eV

Target . I .7 compound I =* l.w E Dexp e DThED
o Nucleus a 2 MeV (a) {h} {c} {d) {e)
1675, L 168, 34,4+ 7.77 4 4.1 3.8 4.4
17244, % - 172y), 0-,1- 8.02 7.2 6.5 9.5 8.2
229 % + 2304y, 24, 3+ 6.79 0.58  0.60 0.56 0.55
235, 3- 238y, 3-, 4~ 6.55  0.67 0.53 0.43 1.0
241, 24 2420, 24,3+ 6.30 1.2 1.7 1.8 2.4
245, L 2460, 3+, 4+ 6.45 1.5 1.2 1.0

®pata compiled

Ppata compilad

“calculated with deformed single particle levels of Nilsson, et al.

d

by Baba, Nucl. Phys. Al59, 625(1970).

by Vonach, et al. , Nucl. Phys, A217, 2&9{1973).

Calculated with deformed single particle levels of T=ang, et Eif”.

®Caleulated with deformed single particle levels of Nix, et ﬂ,zl .

1)

_Eir_
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In addihg the collective rotational levels to the
intrinsic or particle level denzity, nné iz concerned about
the redundance in the two types of degreez of freedom, One
knows that at low excitation energy, each intrinsic level
has built upcen it a rotatiognal band. At these low energies,
the nucleus has a well-defined deformation and cne can clearly
separate the particle and collective motion. Howewver, as the
temperature and excitation energy increase, it is prcbably
ne longer a good approximation to assume that the particle
and collective degrees of freedom are independent of each
cther. In the limit where the temperature is very large and
the particle and collective degrees of freedom are thorcughly

mixed, then w, [E) contains all of the available states

intr
and there is no enhancement in the level density due to
collactive rotations.

The guestion remains as o whether the level density will
be enhanced for deformed lanthanide and actinide nuclei at
excitation energies corresponding to the neutron binding energy

where the temperature is about 0.5 MeV. It has heen estimatedi}

1/3 & Mev

that at a nuclear temperature of the order of 40A"
{where § is the deformation] the fluctuations in the nuclear
orientation beacomes so large that it iz not meaningful to

speak of a separation of the rotaticnal and intrinsic motiocn.
For the actinide nuclei this estimate of 1,6 MeV for this
nuclear temperature is well in excess of the actual temperature

of 0.5 MeV at the neutron binding energy. The good agreement

betwaen the experimental spacings and the theoretical



spacings for the actinide and lanthanide nuclei supports
the general wvalidity of the formalism described in this
paper where collective rotations are added to the level
density for axially deformed nuclei. In the limit where

noc gnhancement in the level density diee to collective
rotations is included, the experimental spacings of the
actinide and lanthanide nuclei are not even reproduced when
the pairing gap parameters are reduced to zero. The
eliﬁination of pairing gives a larger effective excitation
energy and results in a larger level density. Although the
absolute value of Dthea. is altered slightly by varying the
gap parameters, the complete elimination cof pairing is not
justifiied. Hence, for the deformed nuclei it is necessary
to add the collective excitations in order to obtain a fit
to the experimental data.

1) 5.c. wilsson, et al., Nucl. Phys. Al31, 1{1969).

2} 1.®. Nix, et al., Private Communication (1273); We wish
to thank Dr. Nix for supplying us with these single
particle levels.,

3) C.F. Tsang, et al., Private Communicaticn {1%73}.

4 8. Bjgrnholm, A. Bohr and B.R. Mottelson, Third International
Conference on the Physics and Chemistry of Fission,
University of Rochester, Paper IAEA-174/205 (1%73).
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3. Angular Momentum Depetdent Level Density --

*
A.N. Behkami and J.RE. Huizenga

Level density calculations are in progress which take
explicit account ¢f the angular momentum, These calculations
make use of realistic sets of single particle levels {see
gections Bl and B2). However, in the present calculations
the space fixed prejection of the angular momentum is
introduced as an additicnal constant of motion by means of
an appropriate Lagrange multiplier. In addition to the
angular momentum projection M the cother constants of metion
are, as in the previous caleculations, the particle number H

and the total energy B,

1l L
Emk[1+expE{Ek—kaJ - l+expBIEk+ka]] (1)

M =

€ 1 1
H = E {I—TE—k'[tﬂ.nhEE:':Ek—ka}+tﬂnh‘fﬁ {Ek"'"fmk:' ]} {2)
k
E = E Ek{l-—ZE]:[tﬂ.nhfﬂ {Ek—ka} +tanh§E{Ek+ka}]} - G_ {3]
k

The guantities €y and m, Aare the single particle enargies
and spin projections, respectively; B, X and y are the Lagrange

maltipliers; E, is the quasiparticle ¢nergy given by

E [[Ek—}k}2 + ﬁE]IIZF G is the pairing strength and 4 is

k=
the gap parameter.

*
Department of Physics, Pahlavi University, Shiraz, Iran.
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The logarithm of the grand partition funection for one

type of fermion is,

In Z(8,2,v) = =8 § (e, ~3-E ) + ] an{leexp(-B(E, -ym )]
k k

2
+ ¥ in{l+exp (=B (E +ym )] BA® /G (4)
k
where in all the above eguations the summations are over
doubly degenerate orbitals desighated by k. This equation
ig walid enly if the quantities A, A, 8 and ¥y satisfy the

gap equation,

2 1 1 1
z=1 7e_ (tanhg8 (E,-ym) + tanhg8 (Eysym))  (5)

k
Tha entropy and level dengity are now calculated as a function
of angular momentum and excitation energy.

1)

One of the new features of such caleulations is the
dependence of the pairing gap parameter A on both the nuclear
temperature (1/8) and the angular wmomentwn I. The transition
from the paired to the unpaired region can be made either by
increasing the temperature at constant angular momentum or

by increasing the angular momentum at a constant temperature.
The relation between A, T and I are illustrated for neutrons
and protons separately for the nneleus lsze in Fig. 9. One

interesting feature shown in this figure is the double-valued

nature of the critical temperatu}a for values of the angular
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Relation between the pairing gap 4 (MeV),
nuclear temperature T (MeV), and angular
momentum I (in units of N} for 124TE.
Single particle levels of Seeger and

3)

Perisho were used in the ecaleculations,
{a} Weutrons, an{T=D, M=0) = 1.3& MaV
(b} Protens, ﬂp(T:ﬂ, M=0} = 1.34 MaV.
Hote the double-values nature of the
critical temperature for values of the

angular momentum near the critical

angular momentum.
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momentum near the ¢ritical angular momentum. This effect
has been na:w;p-l&t.’l.nex~'El'1“':l in terms of blocking. At large I and
for T = 0 the effect of blocking ig a maximum because all
the guasiparticles are tightly packed around the Fermi
surface. An initial increase of the temperature spreads
out the guasiparticles {instead of breaking pairs} and

thus diminishesz the effect of blocking. A similar behavieor

has been observed for several other nuclei including Eazn,

gEHop lgﬁBa, lgth, and zuuﬂg.

1) L.G. Moretto, Nucl. Phys. A2l16, 1(1973),
2} L.G., Moretto, Nucl. Phys. AlB5, 145(1972).
3}

P.A. Seeger and R.{. Perishe, Los Alamos Scientific
Laboratory Report, LA-3751 {1957),
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4, Elastic Scattering of u¥;articles from u --

*
H. Frelesleben and J.R. Huizenga

Angular distributiens of elastically scattered alpha
particles from 238U were measured with surface barrier
detectors at 16, 1%, 23 and 247 MeV in the angle range
30° = 170° and, in addition, at intermediate energies at
4 angles. Since the resolution In the elastic scattering
measurement is insufficient to resolve low-lying inelastic
excited states, the measured scattering cross section re-
presents the sum of these cross sections. Angular distribu-

238

tions of scattered a-particles from U at two energies

are shown in Fig. 10 along with optical model fits.
Firstiy, the optical meodel code JIB IIIl} was used.

2331’1 + @ reaction ware

The potential parameters for the
ohtained by fitting simultaneously the elastic scattering
and total reaction cross section data at several energies.

As pointed out above, the elastic scattering data include
unresolved inelastic states which are mainly excited via
Coulomb excitation in our energy range. Since Coulomb
axcitation is not included in the optical model code JIB III,
the cross sections of the first and second excited states
have to be treated as part of the elastic scattering cross
section. Due to our small incident energies which are near
the Coulomb barrier, the angular distributions of the

elastically scattered particles area nearly structureless.

Hence, the optical model potential was restricted to a four

x
Fachbereich Physik, Universitit Marburg, Germany.
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Angular distributions of scattered o
particles from 2330 at 23 and 27 MeV.
The sclid lines refer to a coupled channel
calculation and the dashed lines to a

spherical optical model fit,
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parameter Saxon-Woods potential with volume absorpticn.

One of the optimum sets of parameters which were derived
for this spherical potential is given in Table 11. Thase
parameters are very similar to those used by Aponick, et 51.2]
for ¢ scattering on rare earth nuclei. As indicated in

Table 11, a slight improvement in the agreement betwean

theory and experiment was cbtained by assuming a slight snergy
dependence for W, abova E = 1% MeV,

Secondly, in order to investigate the influence to
target deformation, coupled channel caleculations were
performed with the JUPITOR 1 code of Tamura3}. A complex
form factor was used and inelastic scattering to the first
2" and 4 states was included in the calculation. Target
deformation parameters of 8, = 0.22 and g, = 0,05 were
chosen. Again in this calculation no Coulomb excitation was
included in order to be consistent with the spherical potential
opticzl model calculations. A four parameter Saxon-Woods
potential with volume absorption was used. One of our sets
of parameters which gave the best description of both the
scattering and the total reaction crogs sgsection data is given
in Table 1l1. ESince the unresclved inelastically scattered
particles {due t¢ the Coulomb and nuclear interactions} are
included in the experimental elastic scattering cross section,
we have treated the theoretical scattering and reacticoh cross
sections in a similar way, The small contribution (always

less than 5%) of the inelastic nuclear scattering cress

section to the 2+ and 4+ gtates has been added to the
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Table 1ll1. Potential parameters obtained by fitting
23BU + & angular distributions using a
spherical optical model and a coupled
channel calculation,
Spherxical cptical Coupled channel
pot. model parameters pot. parameters
E [MeV} 27.00 23.00 27,00  23.00
Vﬂ {MeV} 111.45 85,0
Wp, (MeV} 290.40 15.84 15,0 10.44
r (fm} 1.41 1.37
a(fm) G.565 0.635
rncffm} 1.45 1.45
B .00 0.22
0.00 0.05
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theoretical elastic scattering cross sgection and makes a
negligible change in the elastie scattering cresgs secti¢n¢-
Both of the above theoretical calculations describe the
EX§Erimental data quite well. Hence, the guality of the
theoretical fits toc the data does not provide an argument
for choosing one of the models over the cother. A similar

2)

result was obtained by Aponick, et al. in their study

¢f g-scattering on deformed rare earth nuclei.

1) F.G. Perey, JIB Leocal Optical Potential Program with
Automatic Parameter Search, 1965.

2) A.A. Aponick, C.M. Clusterfield, D.A. Bromley and
N.EK. Glendenning, Nucl. Phys. AlB%, 267(1970).

?! T. Tamura, Rev. Mod. Phys. 37, €79(186%) and JUPITCR 1,
o OEHL_,‘!:].-SE; 1967, - , Lt LT

“



5.  Total Reaction Cross Sections of Deformed Huclel: A

233,238, , . Systems -- H, Freiesleben

-
=t

Study of the

and J.R., Huizenga

" The guestion whether total reaction cross sections depend

on Etatic target deformation, as suggested by Rasmussen, et al.

2334238y |  reactions.. These

has b&en studied with the
reactions were chosen in order to assure a simple experimental
situation where a) the projectile is spherical and b) direct
processes such as break up and transfer ére negligible. For
these fissionable systems, the fission cross sections are very
nearly Equai to the total reaction Cross éeétions.

The fission ciaéé séctioﬁs weré measﬁred_by'ﬂetecting
fission fragments in two 300 m.m2 surface barrier detectors
rlaced at distances of 60 and 30 mm from the target and at
angles of 907 and 150% to the beam, respectively. The fission

233U{u,f] and 438

have beean studied previnusly2}; however, the lowest bombarding

cross sections of the Uia,f) reactions

energy was 18.4 MeV, and this energy was cbtained by degrading
a 43 MeV o-beam from a cyclotron. The range straggling
introduces congiderable uncertainty in the energy in a region
whexe the cross secticn is changing rapidly with energy.

For an accurate evaluation of the cross section in this energy
ragion where the effects cof deformation are expected to be
most pronounced, we felt that it was necessary both to rapeat
the previous measurements with a variable energy'tandem beam

and to extend the measurements to even lower energies.

- .
Fachbereich Physik, Universitdt Marburg, Germany.

1)
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The measured total fission cross section for 233’233U
targets are listed in Table 12 and displayed in Fig. 11.
The error bars on the data are mainly due to the ccunting
statistics and the uncertainty in the solid angle. The
data were compared with varicous theoretical calculations
for the total reaction cross section in order to investigate
the effect of static target deformation. The reaction cross
sactions caleulated on the basis of a model which assumes a
parabolic approximation to the Larrier of a spherical or
deformed potential are not reliable since this model itself
is not applicable at energies near and belcocw the barrier
where the deformation effect is expected to be a maximum.
This shortcoming of the model is overcome with more sophisti=-
cated models. In a spherical optical model, potential nara-
meters can be found which desecribe the scattering and the
total reaction cross section (curve I in Fig. 11} very well
nver the energy range inhvestigated. Using 2 gquite different
optical potential in a coupled channel calculation, where
the target deformation i; explicitly accounted for, Fits to
be scattering and reaction cross section [curve II in Fig. 11)
can also be obtained {see alsc the report on elastic scattering

233'233U].

of a-particlas from
Hence, it is not possible to wverify that the inclusion

of static target deformation is essential in order to des-

cribe experimental reaction cross section data for this

deformed target nucleus. However, this does not mean that

static target deformation does not influence the total

reaction cross section.
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Table 12. Total fiseion croess sections for the 2331.1 +
and 23EU + o reactions as a funetion of energy.
Eu{lah anergy in MeV) uf(mb}

15 0.0018+0,.0015 0.0009:0.0007
16 0.0053+0,0029 O,0030£0.000%
17 0.030+0.018 0.0253+0,0021
1g 0.279+0.088 G,205:0,023
19 1,7320.50 1.43+0,14

20 7.681x1.17 6.54+0.52

21 27.5£1.9 24.5+1.7

22 &8.0x4.8 61.0+4.3

23 138.0x9.7 123 . 8+6_4

24 216.0+15.1

25 132,.9x20.0 36D, 3+2]1.6

26 69, 0x34.2 532.,4231.9

27 618,.0+30.9 639.6+32.0




T

Fig. 11: Experimental fission cross sections as a
functicon of energy for o induced fiasion
¢33 233U and EBEU, Calculated reacticn
cross secticns are shown for a spherical

cptical model (curve I) and & coupled

channel calculaticon {curve II).
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Since we cannot establish a model predicted effect of
static target deformation on the reaction cross secticonh, we
have chosen to compare experimental cross sections for
reactions on spherical and deformed nuclei. Recently total

208 2095

cross sections for o-induced reactions on PL and Bi

}

have keen measured by Lilley, et El'3 - These results, along

233U, are included in the left part of

with our results for
Fig, 12, The experimental cross sections for the different
reactions in Fig. 12 show an almost parallel rise. From the
right-hand side of Fig. 12, this fact is even moxre obvious.
In this part of the figure, the incident w-energy is divided
ky the respective interacticn barrier height EB for each of
the three systems in the laboratory frame, It is evident
that all three reaction cross sections have the same energy

233U

dependence, Heng¢e, the static target deformation of the
target does not enhance the reaction c¢ross section in the
vicinity of and well below the interacticn barrisr when
compared to reaction cross sections of spherical target nuclei

like 208 2095,

Pk and .
Closely connected with the reagtion cross seéiian for
systems involving statically deformed targets is the inter-
getion barrier of such a gystem. If one defines the
interaction barrier by the condition Toop = 0.5, the
interaetion barrier iz in principle dependent on the model
used to calculate the transmission coefficients TE when

fitting the experimental data. Surprisingly, the interaction

barriers we extracted from our experimental data using six
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Comparison of the experimental reaction

208 209

cross sectionz for the P + a, Bi + oo

and 233U + o systems. The results for the

208 208

spherical nuclei Pk and Bi are from

Lilley, et EL.SI. Left, the reaction cross
sections are plotted versus the incident
eneryies Em in the laboratory frame. Right,
the reaction cross sectionhs are plotted
versus the ratios Eu;‘EB where EB is the
regpective interaction barrier in the
laboratory frame for each of the three

systems,
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different methgods are equal to within 2-3%, giving a best

value of 22.34 MeV for the 233u + o system. This value

agrees with the result derived from a simple thecretical

fnrmulaqj

1} J.. Rasmussen and K. Sugwara-Tanabe, Nucl. Phys. Al71l

497{(1971).
2} J.R. Huizenga, R. Vandenbosch and H. Warhanek, Phys. Rev.

124, 1964(1961).

3) J.S. Lilley and M. Franey, Bull. Am. Phys. Soc. 18, 605

{1973) and A.R. Barnett and J.S. Lilley, to be published.

4 H.J. Krappe and J.R. Nix., Proceedings of the- Third IAEA
Symposium on the Chemistry and Physics of Fission,.
Rochester, N.¥. 1973. . |
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6. Level Widths of and T=1 Isospin States of 3?; at

an Ex¢citation Energy of 19.6 MeV -- M. Kildir and

J.R. Huizenga

In order to determine the level widths of the T=0 and

SDP composite nucleus, excitation

29

T=1 isospin states of the

29

functions for the Ei(p,un}, zgsi{p,al} ang si(p,uzl

reactions were measured with good energy resolution. The
average level widths of the different isospin states of 3I|:]l?'
are obtained from @ statistical analysis of these excitation
functions. The determined level widths are then used to
calculate relative level densities of the T=0 and T=l1 iscspin
states in the highly excited composite systemn.

The excitation functicns were measured in the proton
energy interval from 13.50 to 15.50 MeV in 253-keV energy
steps. These excitation functions show a decrease in average
cross section with increasing energy. This energy dependence
of the average cross section is attributed to the cpening of
more reaction channels with increasing energy. The snergy
dependence is removed from each excitation functicn before the
fluctuation analysis is done. A Hauwser-Feshbach calculation
was performed to estimate this energy dependence. Two typical
exarmples of the excitation functions are shown in the figure
13, The level widths are determined from thes half widths of
Lorentzian curves fitted to the experimental autoc-correlation
functions. The values of the level widths are shown in Takle

13a. These values contain a 2mall correction for the finite

energy interval of the experimental data.



o i T

Fig. 13: Excitaticon functions of the zgsi{p,unlzﬁnl

reaction a2t 110% and 130°.
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The emiszsion of alpha particles from the composite

nucleus, 3DP' laads to the residual nucleus of 26Al. The

first three levels in the 2631 nucleus (ground state, first
excited and second excited states) have total isospin values
of T=0, T=1 and T=0, respectively. If isospin is a good
quantum number, then the average level width detgrmined

from the {p,nn] and {p,uz} reacticon channels is that of T=0
isospin states in the composite nucleus 3DP. The fluctuation
analysis of the {p,ul} channel gives the level width of T=1
isospin states in the composite system. From these
fiuctuation analyses the level widths of T=0 and T=1l isospin

states of 30

P at an excitation enerqgy of 19.6 MeV are
81117 keV and 104135 keV, respectively.

The level widths of the above two isospin states are
uséﬁ to calculate the relative level densities of these
states, In Table 13B the ratios of lewvel densities of the
two igogpins are given for different sets of level density
parameters of the residual nuclei. This ratio depends only
very weakly on the level density parameters. Calculations
of the relative densities of lewvels of different isospin
with a more realistic model are in progress. The preliminary

results of these calculations are in good agreement with the

experimental wvalues of the relative level densities.
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Table 13B. The relative level densities of the T  and T
isospin states for the composite nucléus, 98,
at an excitation enexrgy of 19.6 MeV,
a [ar®%si) | a¢®%p) | ac¢®a1) | 8?8y | (U F=0, T=1)
g (U_,J3=0, T=0)}
c

A/9 D.0 0.0 -1.0 3.0 ¢.85
A/O 1.0 1.0 -1.0 3.0 0.86
RS9 0.0 0.0 0.0 3.0 G.384
A/8 0.0 a.0 =1.0 3.0 0.87
3/10 | 2.0 2.0 0.0 4.0 0.88
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Table 13A. The experimental level widths for the composite
nucleus of 3P at an excitation energy of 1%.6 MeV,

Angle,® Sample Coherence Average
Reaction {lab.) Size Width Coherence
{Geg.) r (keV) wWidth?
<I'> (keV)
Egsi{p,nn]zﬁhl 90 9 76
zgsi[p,uzliﬁhl 50 9 73
951 (p,ay) 20a1 110 9 87
51 (p,0,) 281 110 9 84
951 (p, ag) 2°A1 110 g 68 s1el?
%81 1p,0,) %A1 130 g 60
951 (B, 0q) 2%A1 165 g 116
*¥51(p,uy)2%a1 110 8 121
295 (p, ay) 2521 130 g 56 104335
23 12641 165 8 136

51 {Prﬂ.l

“The error on the average level width is based on the mean square
deviation of the individwal T values from <I>.
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C. Huclear Fission gﬁ@
s

-

(e
i 216
1. nergy Dependence o Pffrn for the Hucleus Rn --

* &%
H. Freiesleben , H.C. Britt and J.R, Huizenga

A study of the competition between fission and

216 1}

neutron emission for the nucleus En has been performed™’,

The ZGBBi + ?Li reaction was used to produce the compound

216Rn at excitation energiles corresponding to bom-

nqpleus
barding energies in the range of 24-34 Mev.

The cross section for the {?Li,f] reaction was
measured by detecting colncident fission fragment pairs with
surface barrier detectors in a large geomekry arrangement.,
It was advantagecus to detect fission fragment pairs during
the measurement of the very small fission cross section in

the presence of the intense elastic line, If the compound

nucleus does not fission, multiple neutron emission leads to

residual Rn isotopes. Since all of these nuclei are g-emitters,

their formation cross sections are easily determined by
measurement of their g-activities. The identification of
these g~groups is unigue based on their known a-energies and
half-lives which range from about 100 us to minutes. Using
a pulsed Li-beam to produce the Rn-isotopes, we measured the
g-activities between beam pulses with standard surface

barrier detectors, essentially free of kackground due to

prompt a-groups (Fig. l4). The cross sections for the {?Li,Zn],

i?Li,En}; {?Li,dn} and {?Li.f} reactions are listed in Table 14

* i
Fachbereich Physik, Universitat Marburg, Germany

L 3
Los Alamos Scientific Laboratory, Los Alamcs, New Mexico.
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Fig. 14: Alpha particle spectra observed at

various bombarding energies for the

zngEi + ?Li reaction,
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Table 14.

Mezsured cross sections in millikarns for varicus compound nucleus

reactions
Laboratory o (’Li,Z2n) 6('Li,3n) ol Li,4n) o('Li,f)  o(®ti,2n)  o(%Li,3m)  o(PLi,f£)
Enerqgy :
(MaV}
34 4.651.6 18719 77:15 1.77:0.03 2.2540.05
33 4.7:1.6 189219 5115 1.0520.05 1.34:0.04
32 4.1£0.9 134:13 11+3 0.5620.03 0.75:0.02
31 4.4£0.6 89110 1.420.7 0.2420.01 0,2940,01
30 3.3£0.7 41+4 0.08620.008 1.9:0.4 1324 0.12:0,006
29 2.0£0,4 16+2 0.02020.002 0.32:0.002
28 1.1#0.3 4.7:0.5 0.006420.0008 1.0£0.2 5.820.6 0.0094x0.0010
27 0.5:0,11 1.0£0.1 0.001420, 0009 0.0015£0,0003 &
26 0.3:0.07 0.140,04 '
25 0.026x0.013

0,420,013
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as a function of bombarding energy. The data for ELi induced
fission have been used to correct the ?Li data for con-
tributions due to second chance fission. An effect of less
than 6% was cbtained at our highest incident energy of TLi
of 34 MeVy.

The experimental ratics of Fffrn are plotted in Fig.l5
as a function of the compound nucleus excitation energy.
The ratio of Ffjrn varies slowly with excitation energy since
the excitation energies are well above the fission barrier
even though the bombarding ensrgies are below the Coulomb
barrier. The solid curve in Fig. 15 represents an absclute
caleculation of FE{FH with a statistical modsl making use of
the theoretical fission barrierzj of 14.8 MeV. The level
densities of the residual nucleus and the zaddle point
nucleusz are calculated with a micrgscopic model. The appro-
priate- energies of the single pafticle levels were obtained

2}

from calculaticns of MSller and Nix The level density of
the gpherical residual nucleus was calculated with the
formalism described in section Bl., The level density of the
highly deformed saddle point nucleus was calculated with the
formalism described in gection BZ and includes an enhancement
due to collective rotatinnsSJ. Since the above theoretical
c;lculation contains no free parameters, the zgreement between
experiment and theory is surprisingly good. However, the
agreement between theory and experiment could be improved by

reducing the rotational enhancement in the saddle point level

density at the higher energies. This is the expected result



Fig. 153
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Fission-to-neutron competition for the
compound nucleus zlﬁnn. The pcints
represent experimental data and the
s0lid line is a thecretical fit to the

data using the theoretical fisszion

barrier and nc adjustable paramsters.
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with increasing temperature. In the limit where the tempera-
ture is very large and the paﬁticle and collective degrees

of freedom are thoroughly mixed, then w, {E} contains all

intr
of the available states and there is no enhancement in the

level denzity due to collective rotations,

If one introduces a normalizaticon constant and an
adjustable fission barrier inteo the thecretical calculation
and requires a best fit to the experimental data, one cbtains
a fission barrier height of Ef = 13.8x0,7 MeV and a normal-

ization constant of 0.05.

1 Paper presented at the Third Internaticnal Symposium on

the Physics and Chemistry of Fission, Rochester, W.Y.
{1973}, paper IABA/SM - 174/56.
2) P. Moller and J.R. Nix, above conference, paper IAEA/SM-
174/202 and private communicatiocn.
3) T. Ericson, Nucl. Phys. 6, 62(1958); 5. Bidrnholm, A, Bohr
and B.R. Motielson, above conference, paper IAEA/SM -
174/205; J.R., Huizenga, A. Behkami, R.W. Atcher, J.S5.
Sventek, H.C. Britt and H. Freiesleben, Hucl. FPhys., to be
published,
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2. Li Induced Fission of 2 Th and U =
= =_ =

*
H, Freiesleben and J.R. Huizenga

Relatively large cross sections have heen measured for

209

lithium-ion induced transfer reactions on Bi at energies

below the Coulomb barrier (see section Dl). In lithium-icn

232Th and ZEEU one

incuded reactions on heavy targets like
also expects direct processes to occur, namely, nucleon-
transfer or projectile break-up followed by capture cof one
of the projectile fragments. Howewver, for these heavy
actinide targets the fissicn bharriers are so small that
these direct reaction processes are expected to be followed
by fission with a relatively large probkability, at least in

2318

the case of U, The contribution to the total fissicn

cross section of fission following direct reacticn is expected
to ke iépnrtant only at energies where the compound nucleus
formation cress sections are small, that is at low incident
enerqgies where the Coulomb barrier iz the coentrelling factor,
Therefore, in order to search for differénces in the

direct reaction cross sections of ELi and ?Li we have repeatsed

1)

cur fission cross section measurements at very low lithium-
ion energies. This was done very carefully by detecting
fisgion fragment pairs in coincidence rather than single
fragments in order to eliminate the possibility of misinter-
preting the z2ingle events. However, no diffarences in the

fission cross section data were obtained when using the

coincidence and single spectra cof two independent experiments.

* n
Fachbereich Physik, Universitat Marburg, Germany.



We checked the IE'Li and ?Li induced figssion cross sections
rapeatedly by switching back and forth between the two
Li-beams cn both targets at various energies. The results
for ELi induced fission are in very good agreement with our
earlier data, while the new ?Li data show a stesper rise of
the excitation function than in the case of ELi (see Fiygs.
16 and 17).

We assume that this characteristic difference is due to
incomplete momentum transfer processes followed by fissieon.
For example, the Coulcmb break-up cress sections for the two
Li-isotopes may be different (the a-d threshold is 1.47 MeV
and the a-t threshold is 2.47 MeV). The break-up process
not only follows an excitation to an unbound state (2-state
process) but also crcurs as a cone step disintegration, the

ELi

inverse of a radiative capture reaction. Thus, the
break-up is expected to be favered due to its lower threshold.
It follows that if the probabilities for absorbing deuterons

233U nuclaus are sgimilar, one expects the

and tritons by a
6Li induced fission cross section to be larger than that of
Tri induced fissicn at low energies.

Unfortunately, a figssjion fragment correlation angie
measurenment is not suwitable for determining the contribution
of direct reaction processes proceeding by incomplete momentum
transfer. The a~particles from lithium break-up as well as

those from subcoulomb-transfer reactions are mainly scattered

backwards. Hence, the receiling fissioning nucleus may get
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Fig. 16: ﬁLi and ?Li induced fission cross sections

nf 232Th as a function of bombarding

eNergy.
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ELi and ?Li induced fission cross sections

238

Fig. 17:
of U as a function of hombarding

energy,
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more than the full incident momentum. Thus, a measurement

of tha correlation angle distribution for fission fragments
does not show the characteristic asymmetric shapell for
reactions proceeding by both complete and incomplete momentum
transfer and does not allew for a discrimination between

the different processes inducing fission. At present ocur
above explanation for the differences in the ELi and TLi
induced fission cross sections seemsg plausible, however,

this explanation neads verification.

L AEC Progress Report COO~-34%6~29 (1973).
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3. PReevaluation of Experimental Estimates of the Pairing
Gap at the Fission Saddle Point -- H.C. Britt* and
J.R. Huizenga

Several years agc it was shnwnl_ﬁ} that measurements

of fizsion-fragment angular distriﬁutions at energies

near the fission thresheold could be used to estimate thé
magnitude of the pairing gap for even—even nuclei at the
highly deformed fission saddle point. In particular,

angular-distribution measurements from (d,pf) and (t,pf}

reactiansz'aj, in,f) reacticn54'5] 6)

, and (uw,f) reactions
showed discontinuitiez in Ki at energies corresponding to

the onset ¢f two-guagiparticle excitations at the fission
saddle point. The pairing gap at the saddle point, 2&5,
could then be approximately equated to the difference betweaen
the energy for the onset of two-quasiparticle axcitatioens,
E;qp' and the height of the fisscion barrier, Ef. However, at
the time of these experiments it was not realized that the
fission barriers for actinide nuclei are double peaked and
that fission threshold properties are strongly influenced by
shell effects at both the ground-state and saddle-point
deformaticn.

8)

Recent analyses?' of fission results, taking inte

account the two-peaked nature of the fission barrier and

allowing for the effects of shells on FfKPn, have led to new

236

values for the heightsz of the fission barriers for ¥ and

240Pu. These new barrier estimates lead to revised values for

* I3
Los Alamos Scientific Laboratory, Los Alamos, New Mexico.
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2&5 for these nuclei as indicated in Table 15, Most evidence

9,10}

now sugygests that the angular distribution of the

fragments is determined at the deformation of the second
peak for 235U and ziﬂPu and, therefore, the estimate gf the
pairing gap is assumed to correspond to that defarmatiag for
these nuclei.

For 235u and Eéﬂpu the new wvalues for 2&5 are not
significantly different from typical values, 2&9‘5‘ = 1,4 MeV,
for actinide nuclei at their ground-state deformaticns.
Since the relative values of A at the saddle and ground-
state deformations are influenced both by the relative pair-
ing strengths GE and Gg.s. and the relative densities of
single-particle states near the Fermi surface, it is not
possible to conclude from these experimental results alone

whether or neor the pairing strength G varies with deformation.

Large values of the pairing gap, Eﬁs = 4 MeV for 210?0
and 2&5 = 2.7 MeV for 22?Ra have also been repnrtedS'E}. For
210 = 20 MeV.

Pc the 2&5 =z 4 MeV estimate is based on Ef

Reanalysis of this data taking inte account shell effects
at the ground state, but not at the saddle point, have led to

a new estimatell}

of the fission barrier, Ef = 2121 MeV. More
recent attemptslz} tc realistically include shell effects at
the saddle point have shown that with various assumpticns

about the saddle point level densities the data may be consist-
ent with values of the barrier in the range Ef = 19 to 22 MeV,

210

Therefore, at present the estimate of Ef for Po must be

considered very uncertain and the angular-distribution data



Table 15.

Estimates of saddle-pdint'pairing qaps 2&5 from previous measurements

- . - %
of the energies for the onset of two-quasiparticle exeitations Equ and

estimates for the height of second peak in the fission barrier Eg.

HNuclaus -Equ EB 24
(MeV) . (MeV) (MeV)
236y, 7.420.22 ' 5.7:0,2° 1.7+0.3
249 7.0:0.2° 5,410, 29 1.6+0.3

Pu

a]ﬂeferenc& 3.

b]Reférence 8.

)

a)

Average of values 6.9 MeV from Ref., 3 and 7.1 MeV from Ref, 4,

averaée'cf values 5,35 MeV frmﬁ Ref. 7 and 5.45 MeV from Ref. 8.

--IpE-
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cangistent with a wvalue Eﬂs in the range 2-5 MeV. Therefore,
these results also do not at present give conclusive evidence

that the pairing strength is a strong funetion of deformation.

or 227 )

F Ra the data near threshnld5 show a rather sharp

structure which is suggestive of a subbarrier resonance.
Current theoretical fission-barrier calculationsla] do not
predict subbarrier resonance structuras near threshold for Ra
isotopes but they also fail to predict observed subbarrier
rescnance structures for Th isatﬂpesa}. Tharefore, in this
case we cannot completely rule cut the possibility that a
subbarrier resonance has led to an underestimate of Ee and a
subkseguent overestimate of 2&5.

In summary, we conclude that because of uncertainties
in fission-barrier heights current experimental estimateas of
2&5 9o not provide an unambiguous answer to the question of

whaether the pairing strength depends on the nuclear surface

aArea.
£

1} 5. 5. Griffin, Phys. Rev. 132, 2204(1963).

2} H.C. Britt, R.H. Stokes, W.R. Giktbs, and J.J. Griffin,

Phys. Rev. Lett, 11, 343(1963): Phys. Rev, 139, B354(1965}.
3) H.C. Britt, F.A, Rickey, Jr., and W.S. Hall, Phys. Rev.
175, 1525{19&8),

1) J.R. Huizenga, A.N. Behkami, J.W. Meadows, Jr., and E.D.
Klema, Phys. Rev. 174, 1539{19e8).

5) V.T. Ippolitov, Yu. A. Nemilov, Yu. A. Selitskii, and
V.B. Funshtein, Uad. Fiz. 14, 934(1971) [transl. :Sov. J.
Nucl. Phys. 14, 526(1372)].
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L.G. Morette, R.C. Gatti, §.5. Thompson, J.R. Huizenga and
J.0. Rasmugsen, Phys. Rev. 178, 1B45(1969).
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S. Bjgrnholm and V.M. Strutinesky, Nucl., Phys. Al3é, 1
{1969).
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D, Heavy Ion Rgactiaps

1. Lithium Yon Induced Reactions on IDQEi -

* *x -
H. Frejessleben , H.{. Britt , J.R. Birkelund
and J.R. Huizenga

There have been a variety of previocus e:q:.m:3’.‘r'i'mar:ﬁ.-.s]"3:l

rerformed to investigate the interactions of IELi and 'Li

projectiles with targets in the gold through bismuth region

8)

and in one case with actinide targets. In most cases

these measurements study direct reactions by observing the
emission of a, d or t particles., Hence, it is difficult to
differentiate between reactions invelving the breakup in

G

the Coulomb field of Li{?Li] into ¢ + 4 (t) where both

particles are emitted with high energy and those two-body
reactions where anly one particle is emitted and the residual
piece of the projectile ig captured. However, a recent

7 whera both alpha particles and tritons were

7 208

experiment

obgerved from the "Li + Pb reaction at 30 MeV showed a
very much larger cross section for alpha than for triton
production, These results suggest that most of the alpha

21131 nucleus

particles come from reactions where an excited
was formed. A reaction of this type could proceed by either
2 direct stripping reaction or by a two step reaction where
the ?Li first breaks up into a + t and then the triton is
captured. Experimentally it is very difficult to tell the

difference between thesa two procegses and in this report

.
. Fac¢hbereich Physik, Universitat Marburg, Germany.
i
Losg. Rlamos Scientific Laboratory, Los Alamos, New Mexico,
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208

we will refer to a two-body reaction such as ?Li + Fh

+ 211

+ a Ei as a "transfer" reaction even though we cannot

rule out the possibility that there may be some contributions

from two-step pricesses, i.e. breakup + capture, At energies

near the Coulomb barrier for Sn isptopes, recent measurementsﬁ}

indicate that direct alpha particle emission cross sections
are much larger for ELi than for ?Li projectiles at the zame
bombarding energy. This result might indicate that the

Coulomb breakup mechanism is more important for 6Li than for

?Li which would be consistent with the binding energy

differences for the two projectiles,
In this report we present experimental results on the

cross sections for producing various isotopes of Rn, At, Po

and Bi following the bombardment of EGEBi by GLi or ?Li

projectiles in the laboratory energy range of 25-34 MeV,

In addition, fission cross sections were measured and the

)

branching ratios rffrn were obtained {section Cl).

Because of their proximity to the N = 126 and 2 = 82

closed shells most of the residual nuclei formed in E'?Li +

ZDBBi reactions are shori=-lived alpha particle emitters.

The alpha decay. characteristics for nuclei which can be formed
following various ?Li reactions are shown in Fig., 18._ Cross
sections for the formation of nuclei with N > 127 and for

212 209

En were cobtained by bombarding a Bi target with pulsed

6¢7Li beams and observing the alpha particle decsays between
beam pulses. Absclute cross sections were cbtained by
measuring the rate of alpha particle emission relative to

elastic scattering in the same semiconductor detector.



Figi 13:

=00

Diagram of nuclei populated by wvarious

zﬂgﬂi aystem.

reactions for the 'Li +
Entries in each box give mass number,

decay energy of major alpha decay groups
(MeV}, alpha decay halflife and reaction

by which a particular residual product

can be farmed,
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At ?Li energies of 30 and 32 MeV the cross secticon for

ZLDPﬂ was alsc measured by bombarding a target for

forming
several hours with a dc beam and then counting the 5.31 MeV
decay alpha particles off line in known geometry. Again
measurements were made relative to an absclute elastic scatter-
ing cross section at 90°,

Targets were produced by vacuum evaporation of deposits
of ~200 ugfcmz on carbon backings of thickness 20 ug;‘cm2 and
100 ugfcmz. The targets with 20 ugr"c:m2 gave the best energy
rescluticn for the alpha particle abservation o that weak
peaks and close doublets could be resclved but not all of
the recoll nuclei were stopped in the target plus backing so
that a correction was necessary for nucleli which recociled
out of the target. This correction was determined from the
chservation of the large c¢ross section group using targets
with 100 wg/cm® backings.

The excitation functions foxr the variocus reactions are
shown in Fig. 1% and the actual cross sections obtained are
listed in Tables 14 and l6. In Figs. 18 and 19 the excitation
of particular final nuclides have heen labelled with particular
reactions that could lead to these nuclides. In some cases

these reactions are not unigue and for exanmple zlﬂPo could

EHe} reactions.

be populated either by the {?Li.u2n] or {?Li,
The mest remarkable features of these results are the

large cross sections associated with transfer reactions

relative to the fusion reactions and the much steeper slope

for the fusion excitation function., For example, at 32 MeV



_1{.]2_

Fig. 1%: Measured excitation functions for various

E'?Li bombardment of Eugﬁi.

reactions from
The excitation function labelled by 5,22
"MeV is that of an unidentified isomer. We

do not know the halflife of this transition
and in converting to total cross secticns

we assumed that it was of the order or

longer than our pulse repetiticn time (400 ns) .
If the lifetime of this decay were less than

100 ns then the cross section estimate

would be significantly low.
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Table 18, Measured cross seckiond an millabarns for various transfer reactions.

Laboratory

%;ei?y GE?Ll,G} aﬂ?Ll,un} D{?Ll,uzn} U{?Ll.t] Gi?LL.tﬂ} a{?LL.up] u{?LL,B.zﬂhevj c[ELL,u] D[GLL.ﬂi u{ﬁLl,dn}
L5
34 1.6'0.2 dd+q 3. 92720 2322 1.8x0.4 0.8220.09
i3 2.020,2 4725 4,422 .2 182 Y. 8=0.4 0.98+0.10
K ¥ 1.2:00.1 404 140120 2.7%1.1 132 L.0x0.2 0.97:0.10
11 G.9;0.2 35=4 1.3:0.,6 7.1:1.4 0,402 0.8620.14
in O,4£0.08 243 TLE10 1.8:0.8 4.1x0.8 (0.3:£0.15 0.4520.10 0.8:0.2 1.6:0.8 112
29 O,27:z0.10 172 1.3+0.6 1.3x0.8 0.27:0.10
28 0.11:0.08 9,2:0.9 0.5:0.3 0,4:0,2 G.01210.005 0.5£0.2 O0.25:0.15 1.9%:20.4
27 0.04:0.04 d.620.7 00070005
26 2.1=0.7

25 O.8+0.4

—F0T-
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the total cross section to Po and At isotopes is 200 mb
compared to 150 mk for Rn isotopes. At 30 MeV the transfer
crnés section {Po + At) has decreased by a factor of 2 to

100 mk but the fusioh cross secticon has decreased by a factor
of 3.4 to 44 mk. Thus, at all energies equal t¢ and below

32 MeV the tranéfer reactions make up the major part of the
total reaction cross gection.

The results appear consistent with a picture that the
total reacticon cross section has two major components. The
first component is fusicn with the subseguent evaporation of
severazl nsutrons te form the Rn isotopes. The second
component consists of {?Li,u} reactions to highly excited
states followed by neutron evaporation to form Po isotopes
and E?Li,t} reactions to highly excited states followed by
neutron evaporation to form At isotopes. Calculaticnslu}
with a standard egquilibrium evaporation code indicate that the
contributions to the At and Po yields from evaporation of
protons and alpha particles should be very small compared to
measurad yields.

Avarage excitation energies associated with the transfer
reactione can be estimated from the optimum o *..ratlw.lesl:r"ll':I
determined from reaction kinematics. For Elab = 34 MeV, trans-
fers at the optimum Q walue lead to initial excitatien

energies of 16 MeV and 10 MeV for the residnal nuclei Elch

and ZlBAt formed in the {?Li,u] and (?Li,t} reactions,

reapectively. This prediction suggests that the most likely

210

residual products should be Fo from the {TLi,uZn} reaction
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212

and at from the t?Li.tn} reaction, This prediction is

consistent with the present data although it is stil}l possible

that we are missing a fraction of {TLi,u} and {?Li,t} CTOSS

209 leht

sections by not cbserving the decays of the Po and

activities which are formed by {?Li,QEnJ and {?Li,th]
reactions, respectively.
The presént results can also be compared to the direct

alpha particle and triton measurements from the ?Li + zuBPh

reaction at 30 MeV by Hiusser, et El,?J. At 30 MeV we
measure total cross sections of 95 mb and 6 mb for populating
Po and At isotopes, respectiwvely. This represents a large
fraction of the direct alpha particle and triton emission
cross sections of 4150 mb and 20 b respectively, which were
determined from the angular distributicon measurements of

7}

Hiusser, et al. ', and tends to confirm their postulate that

the TLi reactions are dominated by transfer reactiaons.

i) C.E. Anderscon, Second Conference on Reactions between

Complex Nuclei, Gatlinburg, 1960, ed. A. Zucker, E.C.
Halbert and F.T. Howard (Wiley, New York), p. 67,

2) R, Ollerhead, C. Chasman and D.A, Bromley, Phys, Rev.
134, B374{1964) .

*) K. Bethge and K, Meler-Ewert, FPhys. Rev, Lett. 18, 1010
(1967) .

4)

J.L. Quebert and H. Sztark, J. de Phys. 32, 255{(1971}.

5) D.L, Disdier, A.C. Ball, 0. Hausser and R.E. Warner,
Fhys. Rev. Lett. 27, 1391(1371}.

6) K.Q, Pfeiffer, E. Speth and K. Bethge, Nucl. Phys. A206,
545{1973}.
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and R.E. Warner, Phys. Lett. 38B, 75(1972},

Alain Fleury, Theszis, University of Bordeaux, 1969
{unpublished) and private communication.

H. Freiesleben, H.C. Britt, and J.R, Huizenga in Proceed-
ings of the Third International Atomic Energy Symposium
on Physics and Chemistry of Fission, Rochester, 1973

{tc be published), paper IAEA/SM-174/356.

C.M. Lederer, Table of Isctopes (Wiley, New York, 1%67).
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2155
2. Grazing Angles, Reaction Cross Sections and Pission
4uAr and Ed"Kr Induced

v
- g
Reactions on Heavy Targets —- J.ER. Huizenga and

Fragment Symmetry Angles for

J. Birkelund

In the measurement of two correlated heavy fissicon
fragments for very heavy ion reactions where full momentum
transfer is assumed, three different situations arise for
different experimental conditions. These situations are
{1} the symmetry angle of the two figzicon fragmentz {assuming
the two detectors are placed at equal angles) is inside the
grazing angle {2} the symmetry and grazing angles ccincide
and {3) the symmetry angle is outside the grazing angle.

20951 + 84Er reaction as an example, it is possible

Using the
to have situation 1, 2 or 3 with bombarding energies of 500,
605 and 714 MeV, respectively. These and similar results are

40 4

given in tables 17 and 18 for Ar and g Kr induced reactions

on selected heavy targets.
The values of 8 and BP listed in tables 17 and 18 are

estimated from Fresnel scattering theory {Hc and EP are defined

as the angles for which Gelfanuth = 1/4 and has a maximum,
respectively). For many heavy ion reactions FrahnlJ has shown

that the experimental elastic cross section falls off from its

Rutherford value according tc the zemiclassical expression,

0 (/o 1 (8) = 3 115 - sty? + (G- cw)®r )

where $(y) and C{y} are the PFresnel sine and cosine integrals
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Table 17, Theorarical values of ﬁc, ﬁp, Lhax and UR based on Fresnel scattaring
for BﬂKr induced reactions. The wvalue of the cerirical radius of
1.32{#';::'_-‘jf 3+A¥ 3} fm was obtained from elastic scattering data. The
symeatric fispion corralation angle is the angle on each side of the
beam direcelon where the correlated fragments are expected.

Reaction Energy Hc* Bp** Ec Ep Eymm.Fission
MeW{lab) (C. of M.} {C. of M.) (lah) (lab) Corr, Angle L O
{lab}

B85, 460 103.9 93,0 745 65.4 49.4 128 644
605 59.% 52.4 40.4  35.3 45.5 246 1797

714 45.2 0.2 3l.0 25.8 43.1 305 2336

Beert!®au 603 67.9 60.3 49,1  43.3 49.2 248 1631
714 51.9 45.7 37.0 32.4 46.8 316 2247

BﬁKr+20931 460 136.9 12%.3 11z.7 102.2 54,1 79 214
500 105.46 95.4 a2.1 72.8 2.9 146 664

540 28.3 7o.3 e6.6 59,1 52,0 181 Q78

605 .5 62.3 52.0  48.0 50.5 248 1572

714 33.5 47.3 ja.a 24,2 47.9 az0 221%

B4y, 4238, 500 118, 3 108,0  97.8  87.3 55.6 127 462
540 96,7 B7.6 76,7 68,4 54.7 183 B98

605 76,3 68.5 56,6 52.3 53.0 247 1456

714 57.1 50.8 43.1 38,2 50.7 az2s 2171

*Bc iz the angle at
**ap iz the angle at

which ¢ _fo
el

Ruth
which gelnguth

= 1/4.

has its maximum valus,



Table 18. Thecretical wvalges of Ec, g ., Lman

40

for Ar induced reactions,
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P

and GR based on Frespel scattering

The value of the critical radivs was

assuned to be 1.45 {Ai!3+ﬁéf3} fm. The symmetric fission correlacion

angle is cthe angle on each slde of the beam direction where the

correlated fragments are expected.

* ik
Reaction Energy Ec EP ac Ep Symm.Fission a
Me¥({lab) {C. of M.) {C. of M.) (lab) (lab} <Corr. Angle max R
(1ab)
40,4185y, 226 71.8 60.2 59.7  49.5 61,9 110 1391
288 48,2 9.7 19,3 32,2 58,7 158 2227
300 45.4 7.2 17.0 30,2 58.4 166 2349
401?700 288 55.9 56,9 47.3  39.5 63,2 157 2065
100 52.4 43.8 54.2  36.8 2.8 166 2210
80, %% 250 74.8 63.4 64.8 S4.b 66.0 123 1436
288 58.4 49.3 50.0  41.9 64.4 157 2015
300 54.7 46.0 46.7  39.0 63.9 166 2167
40,4232, 288 2.7 53,3 54.6  46.1 66.2 156 1932
300 58.6 49.7 50.9  42.9 65.0 166 2096
388 39.8 33.2 34.2  28.5 63.0 226 2999
40,4238 250 83.3 71.9 74.0  63.2 68.0 117 1251
260 77.1 £6.3 62.1 58.1 67.6 128 1441
288 64.1 54.6 56.0 47.5 66.5 155 1898
300 53,8 50.8 52.1 4&.1 66.1 7165 2068
416 2,8 0.6 31,7  26.3 62.4 243 3203
* E: iz the anpgle at which gelfgﬂuth = 1/4,
Ll Ep is the angle at which uelfanuth has its maximum value,
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and
8 8-8
y = (2n/mY? cosec (%) sin (=), {2)

The guantity n is the Coulomb paramater

2
n = zlﬁze v {3)
where Zle and zze are the charges of the two nuclei and v
iz their relatigye velocity for large separations. For 8 = § _,

c
the ratio uel{B}KURuthEBl = 1/4 and the angle Bc ie related

to imax by 5

o)
Emax = 1| oot {i_} {4)

Tha fcllowing conditions are necessary for this semiclassieal

model to be valid, namely that

[ »» 1 and & gin 8 > 1. (5}
max max c

Tha elastic scattering for several very heavy ion reactions

have heen analyzed with the above thenryznﬁj. The nuclear

1/3

1 + A%fg}, obtained from each analysis with

radiue, R = rD{A

the relation,

&
sin () = n/(kR - n) (6)

gives an r, = 1.32 fm for Bqu projectiles. The wvalue of r,
derived for statically defcrmed targets by this technigque is

slightly smaller, Howaver, correcting Hc for the deformation

3,5)

effects gives an effective value of r, = 1.32 fm for a

corresponding spherical nucleus.
For the results of Table 17 we have assumed for the Emls*.r

reactions that r, = 1.32 and have calculated 8, with ag. 6.
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The value of Hp iz given by

8 8 8
sin (5B = (3r/am) Y2 sin 5D (7

8 -9 8 -9
where sin ( cz By = E2 E for the angles of interest (where
8 _~o

{—EE—E} is expressed in radiang). The value of Emax is

caleculated with eqg. 4 and the reacticn ecross section is

calculated with the sharp cutoff approximation

.2 2
on = TX {Emax + 1) {8)

The results for 4ﬂhr induced reacticns presented in Tabkle 18

are calculated in the same way except T, has been assumed to

be 1.45 fm, This walue of r_ may be slightly too large for

4uﬂr, However, 1if rD ig reduced to 1,32 £fm, For example, the

value of Ec (. of mass) for 3IBE MeV dth bombardment of

232Th is inecreased by 5.7° and the value of Tn is 2236 mbs.

(prokably too small a reaction cross section on the basis
of experimental results),

The grazing angle is expected in the neighborhood of
Bp. This is, however, only an estimate for very heavy ion
reactions in that it is known that the angle difference,
EC-EP, is larger than the predictiong from Fresnel scattering
theory. In fact a parameter 4 has been defined by the

equationsl

g =8
R )
{4“11f2 sln[———i—ELJ
3T 5

sin{fE]

(9}
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where 4 gives a measure of the extent to which the cross
gsection has a Fresnel shape. For B4Kr induced reactions on
heavy deformed targets A& has been measured to have walues as

large as 3.

L W.E. Frahn, Phys, Rev. Lett, 26, 358(1971).

2 p, Colombani, et al., Phys. Letts. 42B, 187(1372),

3) P. Coleombani, University of Paris, Orsay, Thesis (1974).
4 D.M. Brink and N. Fowley, Nucl. Phys. Ezii' 79{1874).

5) N. Rowley, Nucl. Phys. A219, 93(1974).

6}

K. Freiesleben, J.R. Huizenga, J.P. Unik, V.E. Viola
and K. Wolf, Unpublished data (1974).



275¢C ae- 4

3. Comparison of Experimental Values of the Critical

40

Angular Momentum for %; and E{Er Induced Reactions

e
with the Predictions of the Wilczynski and Bass Models --
L =
J.R. Huizenga

In Table 1% the experimental fusion cross secticns and

values of the critical angular momentum for several quhr and

BdKr induced reactions on heavy targets are compared with the

1} and Basszj.

results predicted from the models cof Wilczynski
These two models have several features in common.

The important criterion in the Wileczynski model is
whether a particunlar angular mementum value has a minimum in
the potential energy. All & values which have potential
wells are assumed to lead to fusion., Those vaiues of £ for
which dv/dr < 0 for all walues of r do not fuse. Hence, the

gritical angular momentum of a celliding system is calculated

from the condition of force eguilibrium

2
EF[T1+?2}R1R2 _ 21325 N lc(Ec+l}ﬁ 1)

K

3
Rl + R2 {R1+R u[Rl+R2]

K

whare Rl and R2 are the radii for whiech the nuclear force hasa
ite maximum value. The surface tension coefficients, Yq and
Yo, are avaluated on the basis of the liquid drédp model.

The sharp cutcoff model of Wilczynskil contains two
important assumptions, (1) that the energy in relative radial
motion is diggipated inside the potential barrier. Hence,

coupling of the energy in relative radial metion to the cther

degrees of freedom of the nucleus is assumed inside the
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Takle 19 Comparison of calculated and experimental values of the critical
angular momenta for heavy ion reactions

B* E* Wk W exp 2Xp

Target Ebnmh barrier erie fugion Terit ﬂfusinn fusion crit ERE
MeV{lab) MeV(lab) rel.
&ﬂﬁr Projectile
1635, 226 178.4 79.3 723 B7.4 830 860190  B6*S 1
288 115.2 1189 §7.4 688
300 121.0 1258 87.4 661 1430£140 12927 1
T20% 280 206.4  Bl.8 640 87.6 132 1110200 10816 1
288 108.8 976 B7.6 636
300 116.0 1064 87.6 610
3 288 217,2  105.5 889 88,1 622
300 113.5 987 B&.1 598 1000 114 2
188 147.4 1282 B8.1 462 600 101 2
238, 250 221.0 71.8 475 8.0 &332 7664150 91%9 1
260 81,5 587 88,0 6823 1268%* 120 3
288 104.0 858 88,0 616
300 112.2 557 88.0 592 12208120 12747 1,4
155 %% 163 3
416 148 1156 88.0 427 1441 *k* 162 5
B#Kr Frojecclle
18500 460 419 92 332 72 201 200 71 4
605 152 689 72 157
714 152 605 72 133
209 460 473 0 0 8 2,8
500 B6 230 8 2,5 <40 <37 4
540 13 493 8 2.4
605 134 455 8 2,1
14 134 392 8 1,8
238, 500 497 36 19 0 o
540 112 339 0 0 <10 <18 <4
605 122 160 0 0
714 122 105 0 0

*Calculated with parameters of Bass, Phys. Letts. &4/B, 139 (1973); EErit is
calculated with the classical astimate of the conversiom of orbital angular
momentum Ints internal angulay moementum of the fragments by surface interactions.

**Calculated with the parameters of Wilczvnski, Wucl. Phys. AZl6, 386 (1973},
*¥kCalculated from o{full momentum)/Op ratics and theoretical estimates of Op.

lanappe et al., IAEA/SM-174/42 (1973),
Zartukh et al., Nucl. Phys, 2215, 91 {1973); reports transfer g's of 1100 mbs
(Z0F MeV) and 2400 mbs {382 MeV). These walues are subtracted from theoretical GR.
35,4, Faramyan et al., Sov. J. Hucl. Phys. %, 414 (1969).
YM, Lafore et al., Mucl. Phys. A216, I66 (1973)
5T. Sikkeland, Phys. Leatts. 27B, 277 (1968).
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potential barrier so that the prejectile has no probability
to return back over the barrier., On the otheé hand, it is
assumed that no energy in the relative radial motion iz lost
prior to the time that the projectile has reached the barrier,
{2) The angular momentum remains in relative motion until the
barrier iz crossed.

This simplée theory is gqualitatively in agreement with
some trends in experimental data. For exampie, the prediction
of lc for 500 MeV 34Kr an 2&931 ig in much better agreement
with experiment than a much more sophisticated theory with
frictiﬂnaj. However, one characteristic of the Wilczynski
modal is that ic is independent of bombarding energy. This
ig in contradiction to experimental results (see Table 19).

It mast be recognized that Ec is independent of bombarding
energy only for energies above some saturation energy which
corrasponds £o the barrier for EC. Wilczynski gives no recipe
for calculating the radial dependence of the nuclear potential
energy and, hence, the barrier as a function of £. We assume
for the entries in Table 19 that the energies listed for each
reaction are above the saturation energy in each case.

In the model of Bass the radial dependence of the

potential energy is given by

313252 ”H2f2£C{£c+1] dasgif3géf3 _ =R,
Vg ir) = + - - e 3 (2)
* 2ur Ry2
where d = 1.35 fm, a_ = 17.0 MeV and Ry, = 1.07(a;"%+az"7).

The critical wvalue of the angular momentum, Ec’ is given by
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the coendition that

4av
o

T ([ = Rlzl = b {3)

The application of eq, 2 gives the result

2

x+2y £2 4 (8 + 1 =1 (4)
whara
5
® = zlzija 173 and ¥ = —— ﬁzlxs 175"
Rig3 8" "4y 2URy ya Ay " A,

Again it is implicitly assumed in this model that sach 2 wave
which has a maxipum ountside a particular radius (in this case
R12] leads to fusion. However, in the Bass medel the zbove
aggsumption (2) is relaxed, The factor £ in eg. 2 iz given
the value of 5/7 in the calculation of Ec corresponding to
the classical estimate of the conversion of angular momentum
in the relative motiocn into internal angelar momentum of the
fragments. Eence, there is leseg centrifugal force to separate
the nuclei after reaction and the fusion cross section is
enhanced,

Above the saturation energy, this model also predicts
an energy independent value of 2,. However, the radial
dependence of the nuclear potential iz specified in this
model and it is possible to calculate the saturation enerqgy
and the energy dependence of 2. below the saturation energy.

The encrgy dependent experimental fusjon cross sectionz for
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40 239

Ar bonbardments of 155Ho and U are qualitatively in
agreement with this model. However, the total potential

enargy {see the barrier energies used in different models

shown in Pig, 21} in the Bass medel is much larger than the
potential enerygies used in the present medels with fricticna’q}.
The larger barriers in the Pass model gualitatively play the
rele &f reducing the fusion cross sections in much the same

way as the friction does in the models with lower barriers.

1) 3. Wilczynski, Nucl. Phys. A216, 386(1973).
2} p. pass, Phy. Lett. 47B, 139(1973).

3} B.H.E. Gross and H., Kalinowski, Phys. Letts. 48B, 302
(1974) . —

4) D, Sperber, M, Sobel and J. Bondorf, private communication
{1974).
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4. Interacticn Potentials for Heavy Ion Reacticns --

*
J.R. Huizenga and H. Freiesleben

The interaction potential between a heavy ion prejectile
and target nuclews is calculated in this section by folding
the nuclear density distribution of one nucleus with the real
part of the single-nucleon optical potential of the other
nucleus. For the case where the nuclear density distribution
and the single=-nuclecn optical potential sach have Saxon—-Woods
shapes, the calculation of the interaction potential is greatly
simplified. If exchange effects are neglected the long-range

part of the nucleus-nucleus potential is given byl‘z}

27
Vguel = & ff pylry) V,(r,) ryz,dr dr, {1}

where the Saxon-Woods forms of the functions plfr} and Vz{r}

are
L S Ry -1
pylx} = p {ltexp{——=)1 = and v, (r) = Vv {ltexp(—F=)]

and nucleus 1 is taken as the projectile and nucleus 2 the
target. In most of the cfalculations repcorted here we have

used the constants suggested by Brink and Rnwleyz}; Py = 0.212

(1+2.66872/) " tem™3, r = 1.04a777, T = 0.59, V_ = -50 Mev and
Rz = l.lﬂA;KB. These constants are nearly the same as those

of Broglia and Hintherll.

The radius parameter r., cf 1.19 £m has been derived by
Brink and Rowley by adjusting the interaction potential in
order to fit elastic scattering data. The adjustment procedure

is as follows. The experimental value of imax is determined

*
Fachbereich Physik, Universitat Marburg, Germany.
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from the 1/4 point recipe discussed in section D2 (see eg.

4). Then the radial parameter r._ used in the computation of

2
the nuclear potential is varied until the calculated value of

Lmax agrees with the experimental value of Emax' In the

calculation of Emax it is assumed that the potential for £m

has a maximum at the barrier distance, RBEE=£m

aX

ax}' designated

as the distance D, namely

ir) + ¥

§ -
v (x) + v, wuel T pup = O (2

max
{This assumption requires that there is a value of r for which

?ﬁ{D} = ?é[D} + v (D), and will be questioned in section D5

L
40 gq _ Max

for Ar and Kr induced reacticns on very heavy targets).

In addition, the maximum in the potential for lmax is equal

to the bombarding energy in the center-cof-mass,

Eny = Vo (D} + ¥V (D) + V¥ (D} (3}

cM t

max

Nucl
By combining eq. 2 and 3 it is possible to sclve for D,

— - - L]
D=12Eqg =V, (D) - 2V 3D}/ Vg e (D) (4}

and from eqg. 3

o (2,172 - _ i1/2

The radivs parameter r, was adjusted in the calculaticon of

v ltr] s that the value of Em calculated by eg. 5 agread

Huc ax

with the experimental value of Lok

Posszsibly an easier way t¢ visualize the adijustment in

T, iz slightly different from the above procedure described
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by Brink and RuwleyZ}_ With the experimental vaiue of Emax

the quantity d{v&+?£ ) /dr is caloulated ag a function of

max
r. Then with a particular value of r,. the wvalue of dvuuclfdr

is calculated as a functicon of r. The wvalue of r £or which
these two derivatives are equal is D. Thise walue of D is now
used to check the equality of &g, 3. If the right hand side
of eq. 3 is different from E..,, a new value of x, iz used in
the computation of the nuclear potential and dUNuclfdr{r}.
With this new value of D, &g, 3 is again checked, This pro-
cedure is repeated until eq. 3 is satisfied.

The nuclear potential calculated by this folding procedure

EOBBi E4

for the + Kr raaction is illustrated in Fig. 20 for

two sets of parameters {curve b, Brink and Rnwleyzig curve o,

)

Gross and Kalinowski3 }- In Fig. 20, two other nuclear

potentials are plotted alse, curve (a)l is the nuclear potential
of Bassq} {gsee section D3} and curve (d} is a Saxon-Woods

)

nuclear potential of Sperber, et 51.5 calculated with

VD = =175 MeV, r, = 1.25 fm and & = 0.% fm. In Fig. 21 are
displayed the corresponding barriers for L = 0, One sees an
enormous variation of 65 MeV in the two extrema barriers.

In Table 20 we list several heavy ion reaction barriers
(=0 and f=f£ _. ), radial positions of each of the barriers

and tha contributions of ¥ at each of the respactive

Nucl
barrier distances as calculated by folding the nuclear density
distribution of one nucleus with the real part of the single-

nucleon optical potential of the other nucleus.



Fig.
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Radial dependence of four nuclear potentials

20951 + Bqu. The differ-

for the reaction,
ent curves are identified in the figure,
Curves (b} and (¢} are calculated with the

foclding procedure discussed in the text.
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SYMBOL  AUTHORS RB{ (=0} VNUCL[RB{IFO}] E?{FU)
MeV

fm) MeY)
{q) BASS 11.26 -458 336.2
(b) BRINK+ROWLEY 1310 =205 3078
(¢} GROSS + 13.72 -18.6 949 -
KALINOWSKI
(d)  SPERBER,SOBEL 144 -198 2719
AND BONDORF

o Z | I 7 R SR G "N VAR
r (DISTANCE IN fm)

Figure 20
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Barriers {(2=0)} for four different nuclear

potentials for the reaction, zﬂgﬂi + der.
The different curves are identified in the
figure. The dashed line is the Coulomb

potential, chr].
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Heavy ion reaction barriers, radial pesitions of each of the barriers, and the contributions of Yypei at

each of the respestive barrier distances calculated by Eoxldiag the pucleon-nucleon potential with the nuclear
matter distribution®). The radial parameter rgp)] = 1.04 fm4} For all entries except the Sth. For the Sth
entry ryp = 1.095 tmb) .  Also included are values of Lpay for a specific enexrgy and the corresponding values

of the radial position of Lggy and the nuwcle2ar contribution at the barrier distance foar Lpgx-

Reaction Erap T2 Ry*Es RB‘E‘Q} vNucllRB{£=nh] EB[£=Gh Lman F‘B”'-R'rna:r-:]I 1"'l.NulclIRE”jg';-rn.m:-c']]
(MaV) [ fm) { fm) LEm} {MeW) (Ma) (in umits of ) {Em) [Jaraiy .

1550 + %% os 1.19  11.079  12.662 -17.69 256.5 238.9 11.843 -45.98
186, , 84, 500 1,19  11.345  12.884 -19.94 278.7 170.4 12.484 ~30.50
70« "% sos 1.19 21,477 12.975 -20.04 295.4 239.5 12.298 ~44.08
2094 » Bdyr  Gos 1.19  11.615 13,100 -20.50 307. 239 .6 12.454 -43.52
2095 4+ e o 1.25 12.125 13.716 -18.63 294.9 263.4 13.027 -11.98
238y , By, 605 1,19 11.928  13.382 -22.14 314,56 238.% 12.809 42,18
238, | B4, 805 1,10 11.37¢  12.681 -24.96 351.0 209.5 12.200 -43.43
20%; & 0. 28 1.1%  10.617  12.438 -11.18 161, 7 136.0 11.725 -26.21
238, , 40, 188 1.16 10.931  12.711 -11.91 175.4 132.9 12.102 -21.71

aYh M. Brink and N. Rowley, Nucl. Phys. BZL1%, 7911974},

BYb 4.8, Gross and W. Kalinowski., Phys. Letrs. 48R, 30211974).

-9cl-
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In the ealculations of the fusion creoss sections by the
various models it is important to have a reasonably accurate
knowledge of the radial dependence of the nuclear potential

in order to calculate viir}. Mndelsa'S}

which attempt to
derive the fusion cross section with the inclusion ¢of friction
also have as a necessary condition for fusion of a particular
L wave that it have a potential maximum and, hepce a potential
well. The potential well in the frictional medel is, however,
not a sufficient condition for fusion in that if there is

not loss of radial kinetic energy in the well the projectile
will decay back over the barrier. The number of & waves with
potential wells and the magnitude of the barrier for each 2
wave anter directly into calculating the fusion cross section
with the mecdels with friction. For the same fusion cross
secticn, a model with a smaller barrier reguires larger friction
and vice wversa. In the limit of no frietion {Bass model), the
barrier must be still larger in the direction of the barriers
shown in Fig. 21 where barrier (a}) is used in a model with no
friction and barriers (¢) and (d) are used in meodels which

inelude friction.

1 R.A. Broglia and A. Winther, Physics Reports 4C, 153(1972).
2} D.M. Brink and N. Rowley, Nucl. Phys. A219, 79{1674).

3) D.H.E. Gross and H. Kalinowski, Phys. Letts. 48B, 302{1974}.
) R. Base, Phys. Letts. 47B, 139(19373),

5) D. Sperber, M. Sobél and J. Bondorf, privatsa communication

(1974).
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5. Eﬂments-.,a:m_j;hj Validity of the Interaction Potential
for Very Heavy Ion Reactions =-- J,R. Huizenga and

*
H. Freiesleben

The interaction potential between two nuclei calculated
by folding the nuclear density distribution of one nucleus
with the real part of the single-nucleon optical potential
of the other nucleus is expected to be reasconably accurate
when the densities of the two interacting nuclei do not
overlap ﬁoo much. The important question remains as to what

interaction distances such a potential can be used, Brink

1}

and Rowley use such a potential for 34I{r induced reactions

on very heavy targets at interaction distances where vﬂucl

has values less than -320 MeV and V. has values larger

Nucl

than 40 MeV,/fm. Groszs and Kalinuwskizl

indicate confidence
in the vﬁlidity of the nuclear potential for radial distances
greater than l.2{Aif3+A;f31. For the 2DE|Ei + aqu reaction,
this corresponds to a minimum distance of 12.58 fm. TFrom

Fig. 20 (cuxve c} one sees that the nuclear potential at

this distance is -68 MeVv and the corresponding value of V!

Hucl
isa 71 Me¥/fm. This is an extremely large value of vﬁucl and
will cause all the &t wawves for the 2"'.'ﬂlla.'i. + 34Kr reacticon at

a bombarding enexrgy of 605 MeV to have maxima and associated
potential wells.
In the following paragraphs we discuss the validity of

such large values of vﬁ As a basis for cur remarks we

ucl®
compare the nuclear potential derived by the folding methed

*
Fachbereich Physik, Universitat Marburg, Marburg, Germany.

L
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with a nuclear potential having a Saxon-Woods form,

v

v = o
1 + exp[(r-R)/d]

t\h.u:l':r:I * {1}

The derivative of eg. 1 with -respect to r is

dvﬂucl(r} _ EE expl({x-R} /d] . {2)

ar 4 {1+ explir-R)/al}®

The rate of change of a Saxon-Woods nuclear potential with
radial distance has a maximum at r = R, where this maximum

is given by,

<

dvNucl _Q

{_ -

ar 'max - ~ 34 ° (3)

It is poszible to estimate vauclfdr at r = R (where

for two touching spherical nuclei from the liguid
)

R = Rl+R2}

drop mudel3

av 2aiy,+y,IR. R
Nzcl (r=R} = 1 '2°71°2 (4)
R1+ R?..
where ¥y and T, are the surface tension coefficients4} of
nuclei 1 and 2, respectively, in units of He?ffmz,
y = 0.951711 - 1L.7826{5% | (5}

If one equates the maximum value of the derivative of the
nuclear potential in the Saxon-Woods model given by eq, 3
with the force of the touching nuclei in the ligquid drop
model of eg. 4, one obtains,

1/3.1/3
_ 21[71+Tz}rﬂ 31 A,

1/3 1/3
Rl + Az

. (6)

t
8o
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. " 209 . B4
With a wvalue of r, = 1.17 fm , cne has for the Bi + Kr
reaction a limiting value of Vﬁucl of 33.3 MeV/fm and

vo
—§ = " 133.2 MeV/fm . {7)
238 40 . . .
For the U+ Ar reaction one oktains a limiting wvalue
1
of vﬁucl of 29,15 MeV/fm and
Yo
&= - 116.6 MeV/fm . {8)

An egtimate of Vo ig made also on the basis of the
assumption that the two nuclei fuse into a single nucleus.
In this approximation V, for a particular reaction is given

!

by

_ 2/3 _ ,2/3 _ 2/3
v, = a A + &) A A7) (9)

where a_ is a surface tension constant with a value of about
17 MeV. TFor the 2"':”E.Eti + E"11'::: and 23EU + 4nAr reacktions, Vﬂ
in this approximation is -175 MeV and -128 MeV, respectively.
These potentials are deeper (1.5 to 1.7 times deepar if
d = 0.75 fm) than those of egs. 7 and B, however, these
potentials are expected to be limlting values. Hence, the
estimatas of vo from eqs., 7 and 8 appear to be reascnable
first guesses.

The radial dependences of the nuclear potentials for the

above two reactions for a Saxon-Woods potential are displayed

in Pig. 22. In each case the diffuseness parameter d was set

*In order to be consistent with the values of y determined from
the Lysekil constants4) a radius parameter of 1.2249 fm should
be used in eq. 6, Thie increases Vy,.1 by 5%.
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Radial dependence of the nuclear potential
for two different models. The sclid lines
are caleunlated with a Saxon-Woods potential
with the parameters r, = 1.17 fm, @ = 0.75
fm and Vafd as given by egs. 7 and 8 (see
text). The solid dots are the Brink-Rowley
potential calculated by folding the nuclear
density distribution of one nucleus with the1

real part of the single-nucleon optical

potential of the cther.
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equal to 0.75 fm and vo was calculated from egs. 7 and 8.

The values of the nuclear potential calculated from the
Brink~Rowlaey prescription are included in Fig. 22 also. It
can ba seen that the nuclear potentials of Fig. 22 are in
very close agreement with the Brink-Rowley peotential for the
larger radial distances where the densitias of the two
interacting nuclei are not strongly overlapping. The nuclear
potential of Broglia and Winther is in qualitative agreement
with the potentials of Fig. 22 £or the very largest values

of r.

The radial dependence of the gquantity vc + vNucl is

209, , 84 2338 30,

plotted in Fig. 23 for the + " Kr and U +

ZDBEi B4

reactions, The barrier height, E,(2=0}, for the + " Kr

raaction is essentially unchanged from that calculated with

the Brink=-Rowley potential. However, a wvery important

209 84

difference in the two potentials for the Bi + Kr reaction

ig illustrated in Fig. 24. Whereas the Brink-Rowley potéﬁtial

ZDBBi 84

has maxima for all i wawves ‘for the + Kr reaction at a

bombarding enarqgy of 605 MeV (1=240 is egual to lmax and for

this # wave dvﬂucl

12.454 fm), the Saxon-Woods potential has maxima only for

Fdr = d{vﬂ+vl}fdr at a radial distance of

approximately 100 R waves. This results from the fact that
vauclfdr for the Saxon=-Woods potential has a maximum value
of dvmuclfdr of 33.3 MevV/fm {-vofﬂd}.

The important conclusicn to be drawn from Fig. 24 is

that the two wvery similar nuclear potentials of Fig. 22 give
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The barriers, Eﬁftﬂﬂ}, of two heavy lon
reactions calculated with the Saxon-Woods
potential and the parameters listed in

Fig. 22.
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Radial dependence of the quantity d[vc+v£jfdr

20955 +

Kr reaction. BARlse shown for the 2DgBi + Et'lI{r:

for the =0 and £=240 waves for the
B4
reaction are the radial dependences of
dVp,e1/9r for two potentials. The golid
line results for the Brink-Rowley potential
and the dotted line for the Saxon-Wogpds
potential with the parameters of Fig. 22.
Cro=ssings of dvuuclfﬂr with the curves of
d(vc+vLJ}dr for particular % waves corres-
pond to a maximum or minimum in the total
potential energy curve, The dotted line

crosses the =0 curve at r = 12,8 Emimaximum)

and 11.7 fmiminimgm). See Fig, 23.
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very different results for the number of & waves with
potential maxima. The Brink-Rowley procedure described in
section D4 of eguating the center-of-mass energy to the peak

in the total peotential for Emax is not valid for the Saxon-

ZGBBi 24

Wocds potential of Fig. 22 for the + Kr reaction

since imax has no peak. It should be remarked, however, that
the Brink-Rowley procedure starts with the assumption that

Emax has a potential maximum and then makes adjustments in

T, and the nuclear potential in order teo make the experimental

and calculated wvalues of Lm agree, If it is the case that

ax

a particular reaction has no potential maximum for imax' then

the Brink-Rowley procedure forces dvﬂuclfdr to be tooc large
in oxder to produce a maximum in the total potential energy
for Emax‘ Hence, this procedure leads to a nuclear potential
with too great a slope. (The Brink-Rowley procedure of locat-

ing the radial distance of Em x by egs, 2-5 of section D4 is

I= ]
also not valid for medels with friction}.

In Pig. 25 the radial dependences of d{vc+?t}fdr for
three & waves (0, 100 and 120) are shown for the 233U + 40&:
reacticn. In the same figure we show the radial dependence
of dvnuclfdr for the Saxon-Woods potential. The balance
Letween dvﬂfdr and dv 1!dr iz not nearly as delicate for the

233U + 4ﬂnr reaction as for the 20931 + 54Kr reaction.

Huc

It is possible, ¢of course, that even though the derivative
of the nuclear potential is grossly overestimated in a particu-

lar casa, the value of the nuclear potential itself at the
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Radial dependence of the guantity d{vc+vmlfdr
for =0, 100 and 120 for the 238y + 4%y,
reaction (s0l1id line curves). Also shown

is the radial dependence of av /dar

Nucl
{dashked line curve) for the Saxon-Woods

potential with the parameters of Fig. 22.
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appropiate barrier dispance is subject to less uncertainty.
This is the case for tﬁe EﬂgBi + Equ reaction under discussion
where the two different nuclear potentials differ by only &
MeV at r = 12.454 fm (see table 20} where imax has its
maximum with the Brink-Rowley potential. The barriers EBEL=G}
for the two potentials are nearly the same because they occur
at different wvalues of r where the differences in the nuclear
and Coulemb potentials cancel sach other to first order.

Evan though the Brink-Rowley folding potential and the
present Saxon=Woods nuclear potential are nearly the same to

2&931

radial distances near the £=0 barrier for the + Bqu

reaction, the two potentials can lead to extremely different
fusion cross sections for models (with or without friction)

which reguire a potential well as a necessary condition for

2)

frictional

model, 150 & waves lead to fusicon for 500 MeV BdKr cn ZDgBi.

fusjon. For example, in the Gross-XKalinowski

As mentioned previcusly their nuclear potential caleculated by
the folding procedure (see curve ¢, Fig. 20) gives potential
wells for all & waves. With the dissipation of energy through
friction, it turns out in this model that sufficient energy
remzins in relative motion so that the system goes over the
barriers of 2 wawves up toc 150.

The argument against there being such a large number of

EGEBi 34

L waves with maxima for the -+ Er reaction comes from

a systematic examination of the experimental data. Whereas
X . 40 ) ,
for all projectiles up to Ar the ratio of Ecritfimax is in

the range ¢.75£0.20 for all bombarding energies (see, for
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example, the compilation of experimental wvalues of Ecrit
in ref, 2}, this ratio is very much smaller for B"llls!r: reacticns.
This quantitative difference for 34I{r is not likely to be due
te a ¢hange in the frictional force but due to the fact that
only a relatively few & waves have maxima as discussed above.
It is the purpcse of this section to emphasize the
importance of having accurate knowledge of the radial depend-
ence of the nuclear potential to radial distances inside the
barrier for predicting fusion cross sections of very heavy ion
reacticna. The folding potentials of Brink-Rowley and Groass-
Kalinowski both predict potential wells for many L waves for
Hqu induced reactions on heavy targets. The reason for this
result is directly related to the large values of vauclfdr
chtained with their potentials at radial distances near the
barrier. In fact both folding potentials are used at radial
distances where vauclfdr exreads the maximum calculated on
the basis of a simple liguild drop model (eg. 4}. With very
small changes in the nuclear potential, as illustrated with
the present Saxon-Woods potential {zee Fig. 22}, very marked
differences result in the radial dependence of the total
potential energy for different £ wvalues. It is not the
purpocse of this note to defend the choice of parameters used
in the Saxon-Woods peotential but only te point ocut the
serious consequences of slight changes in the nuclear potential
for very heavy ion reacticns.

The application of a nuclear interaction potential based

on a sudden approximation hypothesis to heavy ion reactions
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has been discuszed recently by Galin, §E~§l.5}. This method

7) }

is based on work of Brueckner, et al. and Lombard, et El.a .
In the sudden approximation limit the structure of each
nucleus is conserved during the contact and the nuclear
densities overlap in a reversible process without any re-
arrangements. Such a nuclear potential has a repulsive core
in contrast to the Saxon-Wecods potential which saturates to
a value of VD at small distances.

For the low-eshergy heavy ion reactions under discussion,
the relative average velocity of the nuclei in the vicinity
of the barrier is only of the order of 1 MeV per nucieon or
less. At these small velocities cone does not expect the sudden
approximation hypothesis to be valid. At velcocities of 1
MeV/nucleon, one expects surface waves to be excited in the
interacting nuclei and to have an almost continuous exchange
of anergy between the projectile and target.

Assuming the present fricticnal models te be valid one
will cbtain information on the number ¢f 2 waves with potential

EngBi + BdKr

wells {and hence information on ?Nucl{rlj for the
reaction by studying the ensrgy dependence of the fusion cross
section. If the fusion cross section does not increase with
bombarding energy, for example, cne would interpret this result

in terms of the present frictional models to mean that there

are at most a few £ waves with potential minima.
1) p.M. Brink and M. Rowley, Nucl. Phys. A219, 79(1974).

2) p,H.E. Gross and H, Kalinowski, Phys, Lett. 48B, 302{1374).
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J. Wilczynski, Nucl. Phys. A216, 386{1%73).

W.L. Myers and W.J. Swiatecki, Arkiv For Fysik, 36,
3431967},

»
R.A. Broglia and A. Winther, Physics Reports, 4C, 153
{1972). '
J. Galin, D. Guerreau, M. Lefort and X. Tarrago, Phys.
Rev. C9, 1018(1374),

K.A. Bruecknet, et al,, Phys. Rev. 181, 1543(196%},
R.J. Lombard, Ann. of Phys., 77, 380(1573}; M. Beiner and

R.J. Lombard, IPNO/TH 73-39, University of Paris, Orsay
Report (1%73).
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6. Redctiornis Between Very Heavy Projectiles and Heavy

: . o * *
Targets: Experimeéntal Program -- K. .Wolf , J.P. Unik ,

*

* Lot ik
Y.E. Viola , H. Freiesleban , J. Birkelund and

J.R. Huizenga

Initial experiments have been performed with very heavy
projectiles accelerated in the Berkeley Superhilac as part

of our outside users program. In the first series of experi-

ments 4“&: projectiles of 288 MeV were used to bombard zngﬁi

ang 23811 targets. In the second series of experiments Bqu

projectiles of 605 MeV were used to hombard 155Ho, lg?nu

2MBJ’. and 233IJ.. Some experiments were performed alsc with

r

4Kr projectiles reﬁucgd in energy with beryllium foils to

approximately 530 Mev, |

The eﬁerqies and angles cof two coincident heavy reaction
fragments were recorded with a defining angle solid state
detector and a iargé poﬁitian sensitivé solid state detector.
The experimental data were recorded on mégnetic tape as four
separate parameters in¢luding l} the energy of the fragment
in the defining detector, 2) the energy of the fragment in
the position sensitive detector 3) a gquantity related to the
position of the fragment in the position sensitive detector
and 4) the time apectrum.

One of the primary aim& of these correlated fragment

gxperiments is to investigate the reaction mechanism between

x*
*Argunne National Laboratory, Argonne, Illincis 60439,
Pniversity of Maryland, College Park, Maryland 20742,

- - .
Fachbereich Physik, Universitat Marburg, Marburg, Germany.

%
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1 H L
vary heavy projectiles and heavy targets. It has been

84

reported that complete fusion between h00 MaV Kr iens and

2089 238

heavy targets such as Bi and

prncessll. In fact these authors conclude that most of the

U is a very improkable

reaction products are near the projectile and target masses
and that the mechanism iz a wery inelastic interaction which
logks like very asymmetric fissicn.

The large amount of four parameters data on magnetic
tape is curreﬁtly being analyzed in terms of fusion and

341r induced reactions.

varicus types of inelastic processes for
Elastic scattering measurements of BdKr on heavy targets were
performed alsc as a function of angle., In these single spectra

we cbeserve a well defined inelastic peak at several angles.

1) M. Lefort, C. Ng6, J. Peter and B. Tamain, Nucl. Phys.

A2l6, 166{(1973).
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E. Effect of Pressure on Radisactive Decay Constants

The research program designed tc characterize the
effect of compression on radiocactive (electron capture)
decay constants has procaeded steadily during the past year.
Although much of the progress has been made in experimental
areas, sevaral interesting thecretical caleculaticons have been
made.

Attempts to caleculate the increase in the decay constant
of ?BeD with pressure have been made using a number of guantum
mechanical models of varying degrees of sophistieatioen. In
the simplest possible medel, the increase has been estimated
using the electron wave functions of the free beryllium atom.

In the molecular models, ab initic calculations were used to
determine the electron density at the beryllium nucleus |T{D}|2,
as a function of interatomic distance by using Be0 and Be02
as model compounds.

In addition to these atomic and molecular caleulations,
a prediction of the change in decay rate as a function of

volume, dinRAdinV, has been made using a modified sclar

model.

1. Simple Model Based on the Wave Function of Atomic Be --

W.K. Hensley and J.R, Huizenga

The beryllium atom medel has the principal advantages
of being: (1} spherically symmetric and (2) inexpensive.
In this model which uses the best wave functionsg that can be

cbtained within the Hartree-Fock approximation, the fracticnal
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amount of electron density in the outermost portion of the
Be atom (a radius of Q.Egi wag used) containing 10% aof the
volume is redistributed inside the new wvolume after com-
prassion to ﬂ'gvo with the original electron density
distribution.

This calculation has bheen described previouslyl};

thersfore, the details are not included in this repert.

Y 5.k Huizenga, AEC Progress Report, CO0-3496-29 (19713).
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Z. Molecular Model I: Bed -- W.K. Hensley and J.R.

Huizenga

The most rigorous way of calculating changes in |¥(0)|°
in the compressed polycrystalline BeQ would be to actually
set up 2 model of the crystal or uvunit cell, carry out ah
initio electronic structure calculations, and then calculate
['P[D]I2 for the model at various interatomic distances.

The most reasonable model of crystalline BeQ is top difficult
te calculate because each Be atom is surrounded by four
oXygen atoms in a tetrahedral structure. The simplest model
te compute would naturally be the Bed molecule. If one
calculates |T{G][2 as a function of the interatomic distance,
R, for this model, one may be able to approximare the effact
of compression on |"-l'l:ﬂ]|2 at the Be atom in crystalline BeQ.

Attempts to estimate the increase in electron density
at the beryllium atom in molecular Be0 with compression have
been made using two different types of hasis sets, Slater type
prhitals, STD's, and Gaussian type orbitals, GTO's.

In order to calculate I?{ﬂ}]z, the Hartree-Fock mole-

1) were used.

cular orbitals (MO's) of MclLean and Yoshimine
These orbitals are considered to be very close to the Hartree-
Fock limit, namely, the best anyone can do within the Hartree-
Fock scheme. The procedure for calculating |‘I.’[l}}|2 for Bed
at the Be nucleus was tc evaluate the 5T0's at r = ¢ for

functions driginating on the Be atom, and at * = R (R is the

interatomic distance) for the functions originating on the
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oxygen atom. As one might expect, |¥[ﬂ}|2 was then

evaluated as a function ¢f R and the increase in |T{Gl|2 as

a function of compression estimated from this curve, The
results of these calculations are shown in Fig. 26, &As

cne can see from the lower portion of Fig. 26, ]W{ﬂ}!z is

a parabolic-like function in the region between 2 and 3 atomic
units {a.u.}' with a minimum a2t about 2.75 a.u. C1Early,

the maghitude and sign of the effect of compression on |¥[ﬂ}|2
are strongly dependent on what value of R is taken as +the
equilibrium distance, RD'
the Be-0 bond distance in crystalline Bed {about 3.1 a.u.)

For example, if one were to use

as Rﬂ;

Thus, the only Ry that is valid to use in terms of the model

the calculated effect would, in fact, bhe negative.

iz the one which is determined by the position of the minimum
in the total energy c¢urve for the system. The curve for the
total energy is shown in the upper portion of Pig. 26, where
the minimum in the energy is at approximately 2.44 a.u. When
this value of R, is wsed, the value of ﬂ[?iﬂ][z becomes
{34.9195-34.8936) /34,8936 or abau? 0.075% for a 10% decrease
in wvelume,

Calculations of |‘i‘{ﬂ]|2 in molecular beryllium oxide
have also been made using Gaussian type ¢orbitals, GTO's,.
The calculations of |?(ﬂ}|2 using the GT0's differed from
the previous STO calculation {McLean-Yoshimine) in two ways:

{1) the atomic basis functions are themselves a linear com-

binaticon of GTO basis functions and {2) the MO ¢oefficients

'1 atomie unit {a.u.) = 0,529]1&7 E.
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Fig. 26: ]*F[D}|2 and total energy of Bed molecule

as calculated

Dl‘
from the tables of McLean and Yoshiminelj.

¥2. interatomic distance, R
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were calculated with a Hartree-Fock type molecular orbital
program on the University of Rochester's IBM 360=-65 computer.
The contraction coefficients and orbital exponents cof

Huzinagazj

were used to generate the contracted GTO basis
functions used for the MO calculations. The contracted

GT3's are formed as a linear combination of GTO's,

Gc{;, ) - ECiG{E' r),

whare 7 and r are the orbital exponents and radial parameters,
respectively. The C;'s are the contraction coefficients for
the i GTO kasis functions. The Huzinaga GTO atomic basis set
for Be includes 1l s type GTO basis functions divided into
four groups of 3, 3, 2 and 3. These 11 functions ware con-
tracted to preduce the four s type GTO's used in the MO
calculations.

In addition to the s type GTO's providad by Huzinaga,
the Be basis set was expanded to ineclude one p type GTO
function contracted frem three p type GTO functions. The
p function is of the STD~3G type. That is, a Slater type
orbital which is approximated by a linear combination of
three Gaussian functions. The method of Hehre, Stewart,

3) was used to generate the 2p type ETO-3G orbital.

and Pople
Although the p orbitals are unoccupied in the ground state

of the free atom, they almest certainly contain zome of the
electron density in the BeO molecule. The Huzinaga GTO basis

set for oxygen includes eleven s type GTO basis functions and

six p type GTO basis functions. The g type basis functions
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are divided into the same size groups as the s type basis
functions on the Be atom. The p basis functions are divided
inte twe groups of three so that there are a total of four =
and two p type contracted basis functions in the basis set.
The shorthand nctation that Huzinaga uses to show this type
of arrangement is {3, 3, 2, 3; 3, 3).

The Hartree-Fock molecular orbital coefficients were
caleulated using a modified version of the molecular orbital

program, GAUSSIAN—?O4}

, and the |?{GJ|2 values were subseguently
caleculated as a function of R in the usual manner. The
eguilibrium distance, RD' was determined by the position of
the minimom of the total energy curve as before; and the in-
exease in electron density after compression to U.BVQ was
calculated to be about 0,11%., It was surmised that the
relatively small increase in |'P{l.'.')|2 in this model is due to
electron density being pushed away from the Be atom on the
gide opposite the oxygen atom when the Be-0 bond distance is
shortened. 1In an attempt to reduce this type of leas of
gelectron density at the Be nucleus, calculaticons were underx-
taken for the molecule Bed,.

2

1 A.D. McLean, M. Yoshimine, Tables of lLinear Molecule Wave
Functions, a supplement to a paper by the same authors

which appears in IBM J, Res, Develop., (Nov, 1967},

2) S. Huzinaga, Approximate Atomic Functions. I, Division of

Thecretical Chemistry, Dept. of Chem., University of
Blkerta, Canada (1971},

3) W.J. Hehre, R.P, Stewart, and J.A. Pople, J. Cham. Phys.,

51, 2657(19&9),
4) W.J. Hehre, W.A. Lathan, R, Ditchfield, M.D, Hewton, and
J.&. Pople, submitted to Quantum Chemistry Program Exchange,
Indiana University, Bloomington, Indiana.
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3. Molacular Model II: BeD2 ~-- W.K. Hensley

Tha wvalues of J'HD}|2 as a Function of R have bean
cal¢ulated for the molecule Beﬂz. The linear configuration,
O-Be-0, was used in order to prevent the loss of electron
density discussed for Bed. The atomic basis sets used for
the Beﬂz MG calculations were the extended GT0O's that had
kean generated for the Bald MO calculations from the Huzinaga
Tables. The increasa in ]T[D]|2 for a 10% volume reduction
is about 0.074%, It is interesting to note that the
gquilibrium distance, Ry - ig closer to the crystallina

value of about 3.1 a.u, than the values obtained from both

of the Bel rcalculationhs.
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4, Solar Model Calculatien en TBe -- W.K. Hensley and

J.R. Huizenga

A calculation of the change in total electron density
at the TB& nucleus {(and thus the electron capture rate) as
a function of the most probakle electron volume, d&nR/dEnv,

L using a modified

has keen performed for us by H. Van Horn
solar model. With his medel, the electron capture rate has
been estimated for electron pressures of 100 and 300 kkars
at a temperature of 293°K. Although these results cannct
be cumpared directly to the experimental data due to the
fact that different normalizaticon coefficients produce
vastly different abs¢lute rates, the theoretical and ex-
perimental ratios of diaR/dinV can be compared. The wvalue
of the calculated slope from the modified solar medel is

-0,041¢, This valune compares very favorably with the

experimental data which has a slaope of -0.{4588.

1) H. Van Horn, Department cof Physics and Astronomy,

University of Rochester, private communication {(1973).
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5. Comparison of the Thecretical Modelgs =~ W.K. Hensley

and J.R. Huizenga

The results of the free atem and molecular orbital
caleculations are summarized in Table 21. The agreement
between the different models used to calculate I?{ﬂ]fz,
ag shown in Table 21, is not very enecouraging. The agrea-
ment between the theoretical models and the experimental
results is evan less encouraging. Assuming that the eguation
of state for Bed as given by Cline and Stephensl} is correct,
tha pressure required to compress Bed to 90% of its coriginal
volume is roughly 240 kkars., Interpclation of the experi-
mental data above and below 240 kbarse leads to the conclusion
that the expected experimental value of {lc—ljfh would be on
the order of G.5%.

The principal reason for the large discrepancies between
the experimental and theoretical values of {lc-l]fl is
propably that none of the theoretical models reproduce the
gsymmatry present in <rystalline BeQ. In the crystalline form,
Be(Q has the wurtzite [ZnS) structure. Ths wurtzite structure
iz hexagonal and can be described as a hexagonal ¢lose-packed
array of cations interpenetrating a hexagonal close-packed
array of anions. The two arrays are shifted with respect to
gach other such that the atoms of each array lie in the center
of the tetrahedral interstices of the otherzj. Thus, all

the atoms have tetrahedral coordination. Unfortunately due

to limitations of the current generation of digital computers
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Table 21. Summary of Free Atom and Moleculer Orbital
Calculations. The last column gives the
calculated percentage increase in |¥[ﬂ}]2.

&f?{ﬂ}lz, for a 10% reduction in volume.

MODEL BASIS SET  Ro(a.u) [¥(03|3(Ry [¥(0) |2z} al¥(o)|¥(s)

c

Be *5TO 1.68 35.4302 15.569 0.39
BeO T5TO .44 34.892¢ 34.920 0.035
BeO HGETO 2.5 33.8044 33,842 .11
Beﬁz HGTO 2,95 314.0875 34.112 0.074

]
Composed of six s type 5T0O bhasis functions,

+Camposed of six 5, two p, one d, and one £ type 5TO basis function
on the ¢ atom.

++C0mposed of four s and one p type contracted GTO's on the Be atom

and four 5 and two p type contracted GTO's on the O atom{s).
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and since the cost of running molecular orkital programs is
rnugﬁly propnrfianal to the1faurth power of.the ﬁumber of

atoms in the system, the tetrahedral geometry of crystalline
Be( is not possible to handle at the present time. ‘

The agreement between the calculated and experimental
resqltg is best for the simple Be atom model and the maodified
sulﬁr model. This is probably due to the spherical symmetry
ﬂhich is inherept}in these twe models. The Bad and Eeﬁ2 modals,
which are linear molecules, agree very poorly with the experi-
mental results, The chief problem in the BaO model is that
when the Be=0 bond distance is reduced, the electron density
which should be concentrated on the Be atom due to nearly
symmetric compresgion is repelled away from the Be atom in
the direction of the 0=-Be hond axis. Thus. the calculated
effect is only a small fraction of what it would be if the
true geometry of the system could be treated theoretically.

In an attempt to partially eliminate the unsymmetrical
compression present in the BeO molecular model, the linear BeoO,
calculations were performed. Although the unsymmetric com-
pression was reduced, the effect of the nonstoichicometric ratio
of the strongly slectron withdrawing oxygen atoms to the Be
atoms (Be:0 = 1:2, whereas 1in crystalline Be0, the ratic iz 1:1)
was greater than the desired effect. As a result, the extra
oxygen atom simply withdrew more electron density than was
produced by the compression. This result i evident from the
data shown in Tablie 21.

b C.F. Cline and D.R. Stephens, J. Appl. Phys. 36, 2869(1965}.

2) C.F. Cline and J.8. Kahn, J., Electro. Chem. Soc., 110,

TT7{1961).
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*
6. Experimental Results =-- W.XK. Hensley, W.A, Bagsett

and J,R. Huizenga

al ?Be

additicnal data has been collected on the ?BeD system
nusing a slight variation on the procedure reported here last
vaar. Metallic silver was used as a gasket material (instead
of NaCl} in one run in order to try and achieve pressures
higher than 270 kbar - this was tried partially because
..:raq,ra.r.Ei.rmam]‘:I has claimed to have observed presaures in excess
of 300 kbars for a metallic silver system in a press similar
to the oneg used in this work. Unforturnately, these high
pressures were not achieved and for a variety of reasons
the silver proved not to be the best gasket material for this
type of work. 1

The result of the run using silver as a gasket material
{265 kbar) is shown in Fig. 27 along with the data cobtained
previcusly. The relatively large error bar associated with
the measurement results from the sample being counted for
a periond of time which 1% only about 1/3 as long as for the
other measunrements. The good agreement between this measure-
ment and the measurements cghtained using NaCl as a gasket
material seems to validate the assumption that the isctopic
dilution of the radicactive sample by the inert carrier is
so great that the nature of the gasket material {which also

acts as the pressure transmitting medium) has no effect con

the experimental results.

*
Department of Geology, University of Rochester.
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Fractional increase in the total decay
constant of ?Ba in TBeD as a function

of pressure where 3 is the decay con-

C
stant of the compressed sample. The
error pbars represent one standard
deviation. The line is a least-sguares
fit on our data to the egunation
(A=A} /72 = KPP. The data point of

2)

Gogarty, et .ai. is calculated from

a least-sgquares fit to the above

equation of some twenty experimental

meEasurements taken near 100 kbars.

s
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k) 1313a

In order to te€st the hypothesis that a material with a
very high compressibility and a large number of electrons
may have a measurable pressure dependent electron capture

131

decay rate, the Ba system has been studied.

The chemical system chosen (not mest judiciously) for
the study was the difluoride, lJlBan. Unfortunately BaF .,
undergoes one, and we think two, structure changes in the
pressure region between 1 bar and 220 kbars. The first
phase change oc¢curs at about 26 kbar where the flucrite
{Can} structure is distorted to an orthorhombic u—PbCl2
structuresl. This phase has been observed up to 150 kbarsql,
above which no published data is available., We have per-
formed X-ray diffraction studies cn the Ban system in the
geology laboratories at the University of Rochester which
indicate that arcund 170 kbar a second high pressure phase
transformation takes place. This phase has been observed
to be stable up to about 220 kbar. The structure of this
new phase has yet to be determined.

The net result of the above is that there are twol
competing processes taﬁing place when BaF2 is compressed.
The first process is simple campressicn which will tend
to increase the BE.C. decay rate as the confining pressure
is increased. The second eifect, and apparsntly the larger

one, effect is a decrease in E.C. decay rate caused by a

phase transformation. In the case of BaF ., s the 1 khar phase
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iz cubic where the Ba ion has a coordination number of 8.
The first phase transition causes the cubic lattice to be
distorted to an orthorhombic lattice in which the Ba ion has
quasi nine coordination. The increase in coordinaticn
number means that the average Ba-F bond distance has in-
creased to accommodate the ninth ion in the coordination
sphere. Although the structurs of the sscond high pressure
rhase is as yet unknown, follbwing a general ruls in
crystallography, the Ba ion will probably have a higher
coordination numker than in the u:-PbCl2 structure. In any
case, the net effect of internal structure transitions and
increased confining pressure at 215 kbar is negative. Thus
it would appear from cur results that at least in the case
of Ban, when the confining pressure is increased to the
point where a structure change takes place, the net electron
density at the nucleus decreases because this guantity is
much more sensitive to increased bond distances than it is

te an increase in coerdination number. (See Fig. 28).

1) A. Jayaraman, private communlcation (19272).

2) W.B. Gogarty, 5.5. Kistler, and E.B. Christiansen, Qffice
of Naval Research Technical Report VII (1963) (unpublished].

3) G.a. Samara, Phys, Rev. B2, 4194(1970).

4) D.P. Dandekar and J.C. Jamieson, Trans. Amer. Crystallogr.

Assaec. 5, 19(1969}.



Fig.
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Fractional increase in ths total decay
constant of leBa in IBIBan as a
function of pressure where lc is the
decay constant of the compressed

sample. The error bars represent cocne

standard deviaticn.
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