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TARGET FRAGMENTATION IN THE INTERACTION OF

12-16 MeV/NUCLEON 32S WITH 165H0

1. INTRODUCTION

In recent years much interest has arisen in the study of

nucleus-nucleus collisions in the intermediate energy regime. A

number of studies of various aspects of such collisions using a

variety of projectiles, targets, and projectile energies have been

completed. Many of these studies have addressed the evolution of

reaction mechanisms as energy changes from low to high.

The low energy(<10 MeV/A) and high energy(>200 MeV/A) regimes

for heavy ions have been extensively studied over a number of years

since beams of reasonable intensity became available at such

accelerators as the Lawrence Berkeley Laboratory Bevalac(high energy)

and the Super-Hilac(low-energy). Intermediate energy reactions(10

MeV/A5 E/A 5 200 MeV/A) have been studied for only a short time

because accelerators offering heavy ion beams in this regime have

only been operating for the past eight years or less.

Mechanisms for low energy nucleus-nucleus collisions are now

thought to be well understood.' Using such projectiles as 12
C,

16 0, and 20Ne, it has been shown that the reaction mechanism for
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small impact parameters is largely complete fusion(CF), in which the

two nuclei fuse and may then establish a statistical equilibrium of

mass and energy before de-exciting by particle emission, photon

emission, or fission. At larger impact parameters, for heavier

projectiles, the reaction mechanism is deep inelastic

scattering(DIS). In DIS the two nuclei are in contact long enough to

exchange mass and energy but not long enough to establish

equilibrium. While in complete fusion the entrance channel appears

to be "forgotten", in DIS the final product distribution is

influenced by the entrance channel. The angular distributions of

projectile like fragments are strongly forward peaked in DIS, with

velocities close to the projectile velocity, while the products of CF

reactions are characterized by forward-backward symmetry.

At high energies2 central collisions (small impact parameters)

result in multifragmentation, in which the target breaks up into

several light fragments. At larger impact parameters, peripheral

reactions are seen which leave two relatively cold nuclei and a group

of highly excited nucleons.

More simply, low energy reactions are known to involve

mean-field behavior, in which statistical equilibrium may be

established; high energy reactions are dominated by nucleon-nucleon

interactions. The study of intermediate energy reactions is

interesting because it is in this energy range that the transition

between these two types of interaction must take place.

Over the past several years intensive studies have been made of

intermediate energy collisions using such projectiles as 12
C,

160, and 20Ne. 3-7 It has been shown that complete fusion6 as
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a mechanism decreases in importance as the energy increases, and that

incomplete fusion (incomplete linear momentum transfer) begins to

dominate as the projectile energy is increased. Angular

distributions of fission products resulting from reactions using

these lighter projectiles are symmetric about 90° in the frame moving

with the target residue after the initial projectile-target

collision, indicating that these products were formed in a reaction

in which statistical equilibrium was achieved, while for lighter and

heavier products no such symmetrization is possible.

Studies using heavier projectiles such as 84Kr and 136xe1

at low energies have shown that complete fusion loses importance as

Aproj increases, and that the relative yield of products of DIS

increases.

Some interest has developed in using heavier projectiles at

intermediate energies to see if a similar change in mechanism is

observed. If so, the characteristics of such a reaction mechanism

would need to be studied.

Recent work with Au targets and heavy projectiles such as

84Kr, 40Ar, and 32S at intermediate energies has resulted in

observations which have led to the suggestion that a previously

uncharacterized reaction mechanism may have been seen. Dalili,

et.al, 8 observed fragments with near projectile mass which had lost

an unusual quantity of energy in the study of 35 A MeV 84Kr +

197Au by on-line methods. Loveland, et.al., 9 studying the same

reaction by radiochemical means, observed that the energy spectra of

the heavier products was maxwellian in shape, rather than gaussian as

has been observed with lower-A projectiles.
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Another interesting observation with reactions using heavier

mass projectiles at intermediate energies is the apparent sudden

change in the characteristics of detected fragments for reactions

with 40
Ar projectiles between 27 A MeV and 35 A MeV. 10 Reactions

at these two 40
Ar energies, which do not differ by much, appear to

have very little relation to each other.

Recently Aleklett, et.al.,11 have performed several

experiments using 197Au as a target and 17 A MeV 32S, 32 A MeV

40Ar, and 44 A MeV 40Ar as projectiles. The most interesting

aspect of the data for all three of these experiments is the

observation of a fast, non-equilibrium production mechanism for heavy

fission fragments. Aleklett, et.al., have suggested that a possible

mechanism with such characteristics is "fast fission". 22 In fast

fission the projectile and target would fuse but would never be

inside the fission saddle point and would not achieve statistical

equilibrium. This mechanism would be possible when partial waves

exceed the rotating liquid drop limit for which the fission barrier

vanishes(lBf) but are less than lcrit, the maximum angular

momentum for which compound nucleus formation is possible, (1m-0

1
i
< 1crit ). Fast fission has been noted by Gregoire 22 and

others to broaden the fission mass distribution. LUtzenkirchen,

et.al.,21 observed that the center of mass angular distributions

were asymmetric around 90° in the interaction of low energy 50Ti

and 56Fe with 208
Pb; fast fission was suggested to be responsible

for this.

Large heavy residue cross-sections reported in these three

experiments suggest that previous measurements for similar reactions
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using counter techniques have missed a large portion of the heavy

residue cross section due to the difficulty of detecting the very low

energy heavy residues. Radiochemical techniques for fragment

detection do not suffer from such a cutoff and also have better mass

resolution.

The success of the experiments with Ar and S projectiles with Au

target nuclei using radiochemical detection techniques for target

fragments demonstrates that this approach is worthwhile.

Accordingly, a decision was made to initiate a series of similar

experiments using a different target nucleus. 165Ho was chosen as

the target nucleus because a large amount of data is available for

intermediate energy reactions of smaller-A projectiles such as 12C

and 160 with 165'10.12 Much of this data was gathered using

radiochemical means and so is directly comparable to any further data

gathered by radiochemical measurement techniques. Additionally, it

may be interesting to see how such a mechanism as "fast fission", if

found to be important with a Ho target nucleus, fits into the known

relationship between %fission and transferred angular momentum12

The characterization of the interaction of 17 A MeV 32S with

165Ho is reported here. The mass yields, angular distributions,

and range distributions were measured. In section 2 the experimental

methods are discussed. In section 3 the results are presented. In

section 4 a brief discussion of the effect that scattering and

straggling of fragments may be expected to have on the results is

presented. Section 5 contains a discussion of what the results may

mean. In Section 6 I compare the results with the Blann
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pre-equlibrium emission model, previously shown to give successful

results for reactions of lighter-A projectiles with 154
Sm. In

Section 7 I will summarize the previous sections and suggest what

conclusions may be drawn.
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2. EXPERIMENTAL

2A. IRRADIATIONS

The mass yields, angular distributions, and differential range

spectra for target residues from the interaction of 529 MeV 32
S

with monoisotopic 165Ho were measured. The irradiations were

performed at the LBL 88" cyclotron. Targets for the angular

distribution and range experiments were 152 pg/cm2 thick Ho

deposits evaporated onto 2.95 mg/cm2 thick Be backing. For the

mass yield experiment, the target was 87.1 mg/cm2 thick in the

short run and 94.13 mg/cm2 thick for the long run; both were

freestanding Ho metal foils. The dates, times of bombardment,

intensity of the beams, and center of target energies for each run

are recorded in Table 1. The center of target energies are not the

same for the mass yield experiments as for the other experiments;

however, there is no reason to suppose that the essential physics

will change between 12 and 16 MeV/nucleon, so all three experiments

will be considered together. For the angular distributions,

fragments emerging from the target were captured in a cylindrical

arrangement of mylar catcher foils positioned on the walls of a

cylindrical lucite chamber(of height 8 cm and diameter 7.6 cm,

illustrated in Fig. 1). The target was placed at 90° to the beam

direction, 6 cm. from the forward catchers. For the range

measurement, all fragments recoiling in a forward direction °mean
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CENTER
OF TARGET

EXPERIMENT DATE
ENERGY
(MeV)

LENGTH OF
IRRADIATIO

TOTAL NUMBER PART
LES STRIKING TARGE

short mass 4/22/87 386 1.25 hr 2.39 x 1015
yield
long mass 4/22/87 374 6.53 hr 6.71 x 1016

yield
angular 11/19/87 508 16.17 hr 2.87 x 1015
distribution
range 5/23/86 508 14.22 hr 5.41 x 1015

TABLE 1: Irradiation information

IC-
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FIG 1: Experimental setup for (a) angular distribution experiment

(b) range distribution experiment:
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16.3°, for 9.1° < 8 <21.8°) were stopped by a stack of mylar foils

of varying thicknesses. Table 2 gives thicknesses of each foil

used.

For the mass yield experiment, calculations using standard

range-energy tables12 indicated that the 529 MeV 32S incident

beam energy would be degraded by a 14.2 mg/cm2 carbon catcher to

431 MeV. Since this was considered an unacceptably large energy

degradation, no backward catcher was used. Since the angular

distributions showed that the product distributions are forward

peaked, very little of the products should have been lost by not

having a backward catcher. The question of how much of the products

could have escaped is discussed in Appendix D. The conclusion is

that for heavy products, less than one percent could have escaped due

to having no backward catcher. A larger amount of lighter and

fission products would escape, but still less than 5%, which is less

than the order of probable measurement and calculation errors and

thus is acceptable. The forward catcher and target were mounted as

one sample for analysis by gamma spectrometry.

Figure 1 shows the manner in which the foils were mounted in the

lucite scattering chambers which could be mounted one after the other

on an adjustable frame so that several experiments could be carried

out at once. For the range experiment, two Au target experiments

were placed in front of the Ho target, but the attenuation of the

beam energy was minimal(<.1%). For the angular distribution

experiment, calculations using standard range-energy tables13

suggested that no fragments would penetrate the Be backing of the

target. Because it was desired to measure full angular



CUMULATIVE
FOIL THICKNESS(Am) THICKNESS(mg/cm2)

1 2.0 .293

2 2.0 .593

3 2.0 .893

4 6.0 1.724
5 6.0 2.543
6 6.0 3.362
7 19.0 6.674
8 19.0 9.956
9 125.0 20.630

10 125.0 31.210
11 125.0 41.650

TABLE 2: Thicknesses of the range foils

11

FOIL ANGULAR RANGE SOLID ANGLE(sr) 9-mean

1 5.7 - 7.6 .0241 6.7
2 7.6 - 18.7 .196 12.7
3 16.7 - 24.2 .288 20.6
4 24.2 - 32.3 .420 28.4
5 32.3 - 43.5 .753 38.1
6 43.5 - 62.2 1.63 53.4
7 62.2 82.5 2.11 72.8
8 99.0 - 117.8 1.95 108.4
9 117.8 - 133.6 1.41 125.5

10 133.6 - 158.2 1.50 144.5

TABLE 3: Angular distribution foils
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distributions, two targets were used, placed back to back in the

target holder.

For the mass yield experiment, two separate irradiations were

carried out to optimize the yields of short- and long-lived

activities. For all irradiations the beam was integrated using a

Faraday cup. The charge of the projectile ions was taken to be 16+.

For the angular distribution experiment, the mylar catchers were

cut into ten pieces each representing an angular range. Table 3

lists the angular range and solid angle for each piece.

The angular distribution cuts, each range foil, and all the

targets were assayed by gamma-ray spectroscopy, starting a few

minutes to an hour after irradiation ended, and continuing for up to

two months at laboratories at LBL and Oregon State University.

The samples were counted using detectors at LBL and OSU. Two

detectors were used at OSU, a Ge(Li) detector and an intrinsic Ge

detector. Gamma-ray spectrometers used at LBL included 2 Ge(Li)

detectors, and one intrinsic Ge. Table 4 gives the energy and

efficiency parameters calculated for each detector, as well as other

relevant information. For the energy calibration, the parameters are

for the equation:

E An2 + Bn + C

where n is the channel number. It was not found necessary to use a

cubic equation for any calibration. The variation in the energy

calibration parameters between May, 1987, and Dec., 1987, was due to

the system being re-setup and recalibrated during this time

interval. The efficiency parameters are for the equation:
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DETECTOR GEOMETRY P1 P
2

P
3

P4 A B C

Ge(Li)#1 0 24.88 -1.039 -.0888 -.0246 -.38x10-6 .497 3.089

intrins#1 0 12/87 12.84 -.892 -.103 -.0287 -.42x10-6 .499 -.107

0 5/87 -.73X10-6 .685 9.601

intrins#1 4 -29.6 13.11 -.207 .1016 -.73x10-6 .685 9.601

TABLE 4A: Detector constants for OSU detectors

DETECTOR GEOMETRY P1 P
2

P
3

P4 A B C

Ge(Li)#5 1 77.34 -1.342 -.0282 -.0311 .10x10 -6 .499 -.369

intrins#1 1 66.18 -1.071 -.0030 -.0025 .42x10 -7 .502 -.322

Ge(Li)#0 1 37.97 -1.084 -.0860 -.0391 .11x10-6 .500 -.632

TABLE 4B: Detector constants for LBL detectors
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eff P1E22 + P3eP4E

where E is the gamma ray energy in keV calculated previously. The

efficiency(eff) of the detectors is the fraction of total activity

detected at each geometry used. In Table 4 the geometry used for

each set of samples is represented by a number: 0 means that the

sample was placed directly in contact with the detector head; 1 means

that the samples were placed in a horizontal holder 1/2 cm from the

detector head, and 4 means that the samples were placed in a holder

at a position 3.5 cm from the detector head.

2B. DATA ANALYSIS

Fig. 2 is a schematic diagram of the data analysis process

through which each spectrum passed. A number of gamma-ray spectra

were taken for each sample over a period of time after bombardment.

For short-lived products, from four to six spectra were taken for

each sample. For longer lived products, from six to ten spectra are

available. Each such set was analyzed using the gamma spectrum

analysis program DECHAOS, provided to us by Kjell Aleklett, of the

Studsvik Science Research Laboratory, Nykoping, Sweden.

In DECHAOS a calibration of energy, efficiency, and shape is

first made for each detector, using spectra of NBS gamma standards.

The program is then used to analyze each spectrum, identifying peaks,

determining their area, and sorting them into energy bins for a given

series of counts. Tentative half-lives are determined by

least-squares analysis. The program then searches a gamma ray table
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(a selection from Reus and Westmeier14, in which all nuclides are

deleted which have a half life of less than 0.1 day or an abundance

of less than 1%) and lists nuclides within a given range of the peak

energy. The computer operator may interactively choose one or more

nuclides for the program to fit to the data. In some cases several

tries must be made to find the best fit. Table .5 presents a list of

the nuclides detected as described above for all the experiments.

When the best fits have been made for all lines in a series of

spectra for one sample, the activities at EOB may be converted to

absolute cross sections using the known relation

ai Ai/(p t eff Ai(1-exp(-Ait))

These cross sections are then used to derive angular distributions,

energy spectra(deduced from the range distributions by known

range-energy relationships), 13 and isobaric yields.

For the angular distribution experiment, the resolution was

chiefly determined by the angular width of the catcher foils (the

beam spot size was .5 cm in diameter) The effect of this on the

experimental results will be discussed in Sec. 3B. The alignment and

centering of the beam was checked before and during the irradiation

using a transit and on-line monitoring devices. No correction has

been made for the finite angular resolution of the catcher foils,

except as discussed in Sec. 3B. The effect of finite target

thickness and of scattering and straggling in the target and catcher

material will be considered in Sec. 4.

The differential range distributions were converted to

differential energy spectra using the range-energy relations of

Northcliffe and Schilling.13
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The isobaric yields were deduced by using the previously

described program MASSY. 15
Isobaric yield distributions may be

deduced from individual measured formation cross sections. It is

assumed that the independent yield cross sections for a given

nuclide, a(Z,A), may be expressed as a function of the isobaric

yield, a(A):

a(A,Z) aA[2wCz2(A)]-4exp[-(Z-Zmp)2/2Cz2(A)]

where CZ(A) is the Gaussian width parameter for mass number A and

Zmp (A) is the most probable atomic number for that A. One further

assumes that a(A) varies smoothly and slowly with A, so that data

from adjacent isobars may be considered together. Then the laws of

radioactive decay are used to correct the measured cross sections

iteratively for precursor decay.

The nuclidic cross sections determined as described above are

largely cumulative cross sections, a result of production of the

observed nuclide by deexcitation following the formation of the

primary product. A small percentage of the observed nuclides are

shielded from precursor decay; thus these are primary products of the

reaction. In Table 5, I indicates which yields are independent

yields; C indicates cumulative yields.

For each group of selected nuclides, the data were fit to a

gaussian independent yield distribution (See Fig 3) The gaussian

parameters for each group are given in Table 6. Fig. 4 is a plot of

Z (A)/A vs. A for the parameters reported in Table 6. The dashed

line is the line of beta stability. It can be seen that the function

is in fact continuous, as assumed, except in the range A-24-40, which

included only 24 Ma and 28
Mg. Since these two nuclides could be
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NUCLIDE

GAMMA
ENERGY
(keV)

BRANCHING
RATIO a(Z,A)(mb) uncert. a(A)(mb) uncert.

24Na C 1368.5 1.0 48.6 .9 55. 5.
28Mg

I 400.6 .359 13.1 .4 50. 5.

941.7 .359

1342.6 .540

1778.8 1.0
42K C 1524.6 .18 9.8 .5 20. 2.
43K C 372.8 .879 11.2 .3 29. 3.
46

Sc I 889.2 1.0 11.5 .5 22. 2.

1120.5 1.0
47 Ca C 1297.1 .749 1.60 .06 17. 2.
48

Sc I 983.5 1.0 5.2 .6 18. 2.

1037.5 .975

1312.1 1.0
48V C 983.5 1.0 2.26 .03 13. 1.

1312.1 .975
52Mn C 744.2 .900 1.50 .01 16. 2.

935.5 .945
1434.1 1.0

56Mn C 846.8 .989 18. 2. 31. 4.
1811.1 .272

59Fe C 1099.3 .565 10.0 .3 29. 3.

1291.6 .432
65Zn C 1115.5 .507 15. 1. 45. 5.
69Ge C 1106.8 .360 11.2 .9 50. 5.

574.1 .133

871.1 .119
73Se C 361.2 .970 4.2 .1 32. 3.
74As I 595.8 .603 30. 2. 59. 6.
75Se C 136.1 .590 29.4 .9 58. 6.

264.6 .591
75

Br C 286.5 .920 2.5 .2 25. 2.
76 Br C 559.1 .723 14. 6.
77Br C 239.1 .239 32. 2. 72. 7.
79

1Cr C 261.3 .127 21. 10.
81Rb C 190.4 .643 18.1 .9

446.3 .233
82Br I 554.3 .706 5.8 .4 83. 8.
82Rbm C 554.3 .628 28. 4.
83Rb C 520.4 .461 56. 4. 76. 8.

529.5 .300
552.7 .163

84Rb I 881.6 .678 39. 1. 87. 9.
86Y C 1076.6 .825 28. 2. 82. 8.

627.9 .326
87Y C 388.4 .848 62.3 .9 123. 12.

484.9 .922

TABLE 5: Nuclides found in the mass yield experiment
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NUCLIDE

GAMMA
ENERGY
(keV)

BRANCHING
RATIO a(Z,A)(mb) uncert. c(A)(mb) uncert.

88Y C 898.1 .940 40. 2. 79. 8.

1836.1 .994
88Zr C 392.9 .973 36. 2. 118. 12.
89Zr C 909.2 .990 51. 1. 100. 10.
90Nb C 141.2 .690 25. 2. 82. 8.

1129.1 .920
92Nbm I 561.1 1.0 1.6 .5

934.5 1.0
93Tc C 1363.1 .658 3.3 .3
94Tc C 702.7 .998 10. 2.

849.7 .977

871.1 1.0
95Ru C 336.4 .708 3.1 .2 37. 4.
95Tc C 765.8 .939 18. 3.
96Tc I 778.2 1.0 30.6 .2 64. 6.

812.5 .822

849.9 .978

9174;11

C

C

215.7
539.6

.985

.784

18.1
23.6

.7

.4

51.

44.

5.

4.

822.5 .201
101 mRh C 306.9 .863 33. 1.0
105Ag C 344.5 .416 33. 5. 78. 11.
111 In C 171.3 .903 30.6 .7 61. 6.

245.4 .940
123

I C 159.1 .833 36. 1. 59. 6.
123Xe C 148.9 .486 15.9 .8 36. 4.
124

1 I 602.7 .610 3.8 .2
1268a C 233.6 .204 7.7 .9 34. 3.

388.6 .423
127Cs C 411.9 .584 14.3 .5 23. 2.
127Xe C 202.9 .683 15. 6. 31. 13.

375.1 .172
1283a C 442.9 .258 25. 8. 50. 16.
129Cs C 371.9 .311 20.2 .8 40. 4.

411.5 .227
132Ce C 182.1 .790 10.0 .6 32. 3.
135Ce C 265.6 .424 16. 2. 27. 3.

606.7 .195
139Ce C 165.8 .799 6. 1. 19. 4.
145Eu C 893.7 .658 11.2 .3 49. 5.

653.5 .153
146 Eu C 747.2 .980 7.4 .4 20. 2.
149Gd C 149.6 .417 24. 1.
151Tb C 108.3 .250 18. 3. 52. 9.

251.9 .260
152Tb C 344.3 .570 15. 2. 32. 4.

TABLE 5(continued): Nuclides found in the mass yield experiment



NUCLIDE

GAMMA
ENERGY
(keV)

BRANCHING
RATIO a(Z,A)(mb) uncert. a(A)(mb)

20

uncert.

153Tb C 211.9 .325 27. 2. 50. 5.
155Th

C 105.3 .218 37. 11. 49. 14.
155Dy C 226.9 .688 31.3 .7 51. 5.
156Tb I 534.4 .670 5.5 .2

199.2 .402
157Dy C 326.2 .932 48.7 .9 67. 7.
160Er C 728.1 .360 94. 6. 130. 13.

961.9 .210
964.7 .210

161Er C 826.5 .615 82. 3. 90. 9.
163Tm C 104.3 .194 94. 22. 117. 28.
165Tm C 242.9 .355 156. 23. 181. 27.

297.4 .138
166Yb C 184.4 .213 54. 5. 62. 6.

778.9 .249
167Tm C 207.8 .410 76. 4. 133. 13.
169Lu C 191.2 .179 29. 1.

960.8 .203
170Hf C 164.7 .335 16.9 .8 68. 7.
171Hf C 662.1 .148 14. 1.0 20. 2.
173Hf C 123.7 .827 12.7 .4 17. 2.
173Ta C 172.2 .175 4. 2. 13. 5.
175Hf C 343.4 .866 22. 1. 29. 3.

TABLE 5(continued): Nuclides found in mass yield experiment
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FIG 4: Z(A) /A plotted as a function of mass number A(soliticline
with symb51s). The dotted line is the beta stability line.'"
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MASS NUMBER RANGE Cz (A) Zmp(A)

42-59 0.7 0.433A + 1.07

65-79 0.7 0.438A + 0.76

81-89 0.7 0.441A + 0.37

90-100 0.8 0.439A + 0.70

101-124 0.9 0.384A - 6.20

126-139 0.9 0.373A - 7.85

145-160 0.7 0.375A + 7.63

161-175 0.3 0.362A + 9.76

TABLE 6: Function parameters for isobaric yield program
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projectile fragments, as well as target fragments, it is not

surprising that they do not behave correctly for this calculation.

Since it is not possible in the mass yield experiment to distinguish

between projectile and target fragments, these two nuclides have been

omitted from the isobaric yield curve, but are considered again in

Sec. 3C.
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3. RESULTS

3A. MASS YIELDS

The isobaric yields for the reaction reported here are shown in

Fig. 5. Also in Fig. 5 the isobaric yield curve for the 32S

projectile is compared to the ones obtained by Kraus for the

interactions of 17.3 A MeV 12C and 17 A MeV 160 with 165Ho. The

two obvious characteristics for each curve are a large bump in the

cross sections from A-50 to A-140 and a large peak in near-target

cross-sections centered around A-164, approximately the mass of the

target. Two chief differences from the experiments involving the C

and 0 projectiles are in higher yields for low-A products and products

in the range 100<A<140 and in measurable cross-sections for

trans-target products as high as 175Hf for the 32S induced

reaction. These higher yields as well as the general broadness of the

isobaric yield curve are because of higher nuclidic yields compared to

the 160 and 12C projectile experiments. The higher yields of

larger-A products might well be related to the size of the

projectile. The compound nucleus for this experiment would be

197Zi, while for the two smaller A projectile induced reactions

mentioned above, the compound nuclei would be 177Ta and 183
Re,

twenty and fourteen mass units lower respectively. Deexcitation of a

larger compound nucleus would be likely to lead to higher mass

trans-target products for similar compound nucleus excitation energies

and that indeed seems to be the case. The elevated cross sections for



1000

27

1

1000.0

100.0

0 20 40 60 80 100 120 140 160 180 200
PRODUCT MASS NUMBER A

0
cn 1.0

0.1

0 20 40 60 80 100 120 140 160 180 200

PRODUCT MASS NUMBER A

FIG 5: (a)Isobaric yield curve for 17 A MeV 32S + 165H0

(b) Comparison with other experiments: The solid line is 17.3 A MeV
12c 165H0;

the long dashed line is 17 A MeV 160 + 165H0;

the short dashed line is 17 A MeV 32s + 165H0.
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40<A<60 and 100<A<140 are discussed further in sections 5A and 5B.

A curve was drawn through the data using 10th-order regression

and the area under the curve was integrated using the trapezoidal

rule. The fission cross section, (for 50<A<140), of was found to

be 2059 mb; the heavy products (140<A<175) cross section, am, is

1870 mb. The FWHM of the heavy product peak is 16 mass units. The

total reaction cross section, aR, then, is 3929 mb; this is

actually a lower bound to the total reaction cross section since no

inelastic scattering events were detected. The theoretical aR for

this reaction is 3578 mb. 19 Although the experimental cross

section is higher than the theoretical, it is no more than 10%

higher, and a 10% error in the isobaric yield curve is assumed here,

and may in fact be low. 10
Thus the measured lower limit for the

reaction cross section is in reasonable agreement with the

theoretical reaction cross section.

It has been shown that a relationship exists between the

relative fission cross section and the angular momentum imparted to

ithe system for reactions involving Ho target nuciei. 12 20 In Fig.

6 the present experiment is included with previous results. For this

reaction <1> was obtained in the same way as by Loveland, et.a1.2°

The %fission cross section for this measurement is larger than that

seen for 12C or 16
0 at similar energies, but a look at the mass

yield plots will show that this is correct, as the fission bump for

the 32S experiment is broader and tails off less steeply at the

higher masses. The meaning of this higher yield of heavier mass

fission products will be explored in Sec. 5B. The addition of this

point makes it clear that the percent of fission yield may not level
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off as early as previously appeared to be the case. It is remarkable

that reactions involving different projectile nuclei at a variety

ofenergies can be seen to fit so smoothly on this plot. This makes

it clear that fission really is strongly related to angular momentum

imparted to the reacting system. The point from the 32S induced

reaction is seen to be somewhat higher than the previous points might

have suggested. This may be due to a reaction other than normal

fission contibuting to the fission mass cross section. This

possibility is discussed more completely in Sec. 3B and Sec. 5B.
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3B. ANGULAR DISTRIBUTIONS

The angular distributions for 82 nuclides for which full or

almost full distributions were detected are to be found in Appendix

A. The eighth angular distribution point, covering the angular range

from 99° to 117.8°, was discovered in virtually all the angular

distribution plots, to be significantly lower than the points on

either side of it would suggest. This was thought to be caused by a

shadowing of this portion of the catcher by the target holder

arrangement, since this cut was directly behind the target holder.

To correct for this shadowing, the 7Be angular distribution was

used to deduce a constant multiplicative factor by which the point

should be raised for all angular distributions. 7Be was chosen

because, with the Be backing for the target, a large amount of 7Be

was produced, and the statistical uncertainty in the data could be

expected to be small. Fig. 7 shows the 7Be angular distribution,

with the uncorrected point and the line drawn to establish the

correction. Below the 7Be distribution is shown the 157Dy

angular distribution with the uncorrected and corrected points. The

integrations necessary to establish in for the moving frame angular

distributions were done using the corrected point, and all angular

distributions in Appendix A show only the corrected point, which will

be seen to fit in quite well for most of the angular distribution

plots.

Because the first cut on the angular distributions is so

small(.2 cm ring radius) and the beam spot of finite size(.5 cm), one

must consider the possibility that the angular resolution is severely
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affected. A simulation was run to answer the question: If a product

is emitted from an extended source of .5 cm diameter rather than from

a point source, will the first angular cut contain a significant

amount more or less of products than ideally it would? The result is

that the first angular cut contains about 80% of the cross section it

should contain, the remainder being smeared out into the two

adjoining areas. This estimate includes the fragments scattered into

the area in question from other areas. This suggests that the

angular distributions are more forward peaked than the data

indicates. The most crucial result of this smearing could be that

the integrated area from 0° to 90° would be larger, thus causing the

n
U

values to be larger. However, this is not the case. In every

case checked, the qn value did not vary by more than 5% when the

smearing was taken into account. The effect is smaller than the

probable errors brought in by measurement, calculations, and other

causes, so it was not considered in the integration of the angular

distributions, nor is the smearing effect taken into account in the

plots in Appendix A.

It is first interesting to note the variation in angular

distribution shapes with mass of product. From A-44 to A-67, the

distributions are very forward peaked, with a small tail at the

backwards angles. From A-74 to A-140, the shape is a little less

forward peaked, except for 75Se, for which the first point is

clearly out of line with the rest of the points. This group

corresponds to the fission bump in the isobaric yield. Although mass

ranges for this change in shape have been suggested here, in fact the

change is not really very apparent, most of the nuclides from 58Co
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to 106Agm having very similar forward to backward ratios, with

perhaps a gradual trend upward from 88Y on. 71As and 75Se, in

particular, are more forward peaked than the trend of the products

around them would suggest. This may be due to a larger error in the

first and second points for these nuclides than has been assigned.

From A-140 to A-165, the angular distributions are forward peaked,

the forward peaking generally increasing as A increases. This

forward peaking is so strong that for most of this group no trace of

the nuclides could be found in the backward angle catchers. The only

exceptions with A>140 are 146Eu 146Gd, 157Dy and 165Tm(a

trans-target product). The last group is composed of the

trans-target products with the exception of 165Tm. For all these

the distributions are so forward peaked that nothing of them is found

beyond about 50°.

Further information may be obtained by transforming the lab

frame angular distributions into the frame moving with the target

residue after the initial projectile-target interaction. It can be

shown that if the product is the result of a "slow" process, that is,

one in which statistical equilibrium is achieved, then the angular

distribution will be symmetric about 90° in the moving frame.

This operation has been discussed previously for a number of

other reactions. 4,20,21 For this experiment the transformation

parameter, "41(vu/V), where vn is the parallel component of the

velocity of the moving frame, and V is the velocity given the

fragment by particle emission or fission, was obtained by integrating

the forward and backward portions of the angular distributions and

setting till(F-B/F+B), where F is the integrated area under the



35

angular distribution curve from 0° to 90° and B is the area from 90°

to 180°. In Appendix A the curves that were used for these

integrations are shown for each nuclide for which a moving frame

transformation was made. Aleklett, et.a1.21 have stated for other

experiments that this way of setting qu gives similar values to

moving source fits to measured fragment velocity spectra. Table 7

gives TN values thus obtained. The plots of the moving frame angular

distributions are in Appendix B. For the smaller and larger mass

products, no no value results in symmetric moving frame angular

distributions. For 157Dy and 52Mn, the distributions resulting

from several values of nn are shown in Fig. 8. For the rest of these

nuclides, only the angular distributions resulting from no obtained

by integration are given in Appendix B.

Using these transformations and the mass yield curve, the

product nuclides may be divided into four groups.

I. A<74: Moving frame distributions are not symmetric,

indicating that the production mechanism did not result in

statistical equilibrium for the producing system.

II. A-74-140: For products in the fission bump of the

isobaric yield curve, the usual result is that the moving frame

angular distributions are symmetric about 90° in the moving frame,

implying a formation process in which statistical equilibrium had

been achieved. Here, however, no moving frame angular distribution

curves can be clearly seen to be symmetric about 90° in the moving

frame. The areas under the moving frame angular distribution curves

were integrated and a forward to backward ratio taken. The results

are in Table 8. For nuclides below A 74 and above A 105 the
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NUCLIDE F/B

44
Sc
m

.7 7.1
48v

.7 5.9
52

fin .7 6.0
56Mn .6 3.6
58Co .5 2.9
67Cu .6 4.6
67Ga .4 2.3
69Znm .3 1.9
71As .5 3.0
74As .4 2.3

76Se
As

.9

.4

15.8
2.5

778r .4 2.5
81Rb

.5 2.7
83Rb .4 2.6
"Rb .5 2.7
85 Sr .4 2.5
86v

.5 2.9
87Y .5 3.1
87vm

.5 2.7
88v

.5 3.0
88Zr .5 3.4
89Zr .6 3.6
92Nbm .7 4.9
93Mom .5 3.3

95zib .6 3.5
95Tc .6 4.1
96Tc .6 3.9
97Ru .6 4.0
100th

.7 5.3
101Rhm

.6 4.4
105Ag .55 3.4
106A,m

.6 4.1
110'13

.7 6.3
111

In .8 9.4
1231

.9 22.1
131Ba .8 9.1
157Dy .9 34.5
165Tm .9 19.4

TABLE 7: Angular distribution parameters
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moving frame angular distributions are clearly asymmetric. For

those in the range 74<A<105, for most of the nuclides F/B 1, within

the errors. It could be stated then that these moving frame angular

distribution are symmetric about 90°. However, two difficulties are

apparent: for a few of these nuclides(86Y, 92Nbm, 93Mom,

95
Nb, 95Th, and 96Nb) the forward to backward ratio is not

equal to one; in addition, none of the F/B values is less than 1;

they are all greater. Thus the fission products moving frame angular

distribution are not truly symmetric about 90°.

Something similar to this observation has been seen previously,

in low energy reactions using 50Ti and 56Fe as projectiles and

208Pb as a target. 21
. In these reactions, all angular

distributions in the center of mass frame except for Zsym

1/2(Zp+Zt) were seen to be asymmetric around 90°, with the

lighter Z products being forward peaked, and heavier Z products being

backward peaked. For the reaction reported here, Zsym 41 or 42,

that is, Nb and Mo. The Nb and Mo products detected in this

experiment are all part of the group which cannot be shown to be

symmetric at all.

IV. A-140-165: Heavy products, with no statistical equilibrium

reached.

V. A>165: These are the trans-target products.
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NUCLIDE F/B

74As 1.3 ± .4
76As 1.5 ± .4
75Se 1.6 ± .4
77Br 1.3 ± .4
81Rb 1.3 ± .4
83Rb 1.3 ± .4
84Rb 1.2 ± .4
86Y 1.5 ± .4
87Y 1.3 ± .4
87ym

1.2 ± .4
88Y 1.0 ± .4
88

Zr 1.3 ± .4
89

Zr 1.2 ± .4
92Nbm 1.9 ± .6
93
Mo

m
1.5 ± .4

95Nb 2.0 ± .6
95Tc 1.5 ± .4
96Tc 1.3 ± .4
97Ru

1.4 ± .4
10vRh 1.4 ± .4
101Rhm 1.4 ± .4
105Ag 1.9 ± .6

TABLE 8: Moving frame angular distribution
F/B values
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Sc. RANGE DISTRIBUTIONS

The range distributions were converted to energy spectra by use

of standard range-energy tables 13 as described in Sec. 2A. The

energy spectra are shown in Appendix C. An initial foil of the same

AE as the first two foils represented in these plots was ommitted

from consideration due to anomalously high cross sections, the reason

for which is not known. Some of the plots show no cross sections at

intermediate bins, where measurable cross sections are shown at lower

and higher energies. This is due to difficulties with resolving the

activities in these foils for the nuclides in question, rather than

because they can be definitely stated not to appear at all.

Using the groups established in Sec. 3B above, one may see some

corresponding differences in the energy spectra:

A<67: For 22
Na,

24
Na, and 28

Mg, the large peak at high

energies suggests that this part of the cross section represents

projectile fragments. A lower energy peak may be target fragments.

Because of an inability to distinguish between projectile and target

fragments in the mass yield and angular distribution experiments, I

have deleted these three nuclides from consideration in those

experiments. Other fragments in this range show a peak at low

energies, gradually tailing off to higher energies.

A 81-101: The fission fragments show peak energies of 1

MeV/A. The heavier the fission product, the lower the peak energy

appears to be. This is consistent with conservation of momenta,

however for this experiment it may be an artifact of the experimental
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method; in the range-energy relations used, heavier nuclides have

lower energies for a given range. Many of the fission fragments

appear to show a measurable cross section at an energy too high to be

physically correct. A possible reason for this is that the higher

energy could represent a coupling between the projectile kinetic

energy transferred to the compound system and the kinetic energy

imparted to the fission fragment due to coulomb repulsion. Assuming

an approximately symmetric fission with no particle emission, the

kinetic energy imparted by fission is

Z1Z2e2 /1.8(A11/3+A2 1/3 )

or 75 MeV for the 99Mo fragment. The kinetic energy imparted to

the compound system by the projectile is (32/32+165)*508 MeV 82.5

MeV. Converting these energies to momenta and adding the vectors,

then converting the total momentum back to energy, we have

2 2 2 fisscos(164°)P total (P beam + P fiss) PbeamP

(1802 + 1202 ) - 180*120*cos(164°)) MeV amu

6.8 x 104 MeV amu

and

Etotal 3.4 MeV/nucleon

for 99
Mo. In the above calculation, 164° is the angle between the

two vectors for emission of the fission fragment at 16°, the mean

angle of detection for the range distributions. 3.4 MeV/nucleon is

certainly well within the range of the last catcher for which any

fission fragment cross section was found.

A 105-139: The heavier fission fragments appear to continue

the trend for the lighter ones: as A increases the peak moves to

lower energies. There is no component on the low energy side, but
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the tailing off to higher energies is similar.

A 140-165 and A>165: The most complete set of energy spectra

is available for this mass range. For most of these products, two

peaks are seen, a low energy one at 0.1 MeV/A and a larger peak at

0.5 MeV/A, in some cases tailing off to slightly higher energy. Of

the 14 energy spectra in this mass range, only 173Hf does not show

the low energy peak. In general, this peak increases in size with

respect to the higher energy peak, up to A-155, then decreases till

it disappears at 173Hf.

A tabulation of average energy for each fragment is given in

Table 9. These results will be discussed in Sec. 5.
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NUCLIDE AVG. ENERGY(MeV/nucleon)

22Na
24Na
28Mg
44Scm
48 Sc
52Mn
67Ga
73Ga
81Rb
87Y
95Tc
96Nb
96Tc
97Ru

100Rh
101 mRh
111In
123

1
128Ba

135Ce
147Gd
151Tb
152Tb
153Th

1551b
155Dy
157Dy
160Er
165Tm
166Yb
167.E
169Lu
170Hf
173Hf

8.42
8.19

10.12
1.72
1.26
1.03
.87

2.79
.91

.83

.60

.84

.80

.77

.77

.78

.80

.78

.79

.93

.51

. 49

.50

. 48

. 48

.47

.47

. 51

.49

.49

.49

.50

. 51

.48

TABLE g: Average energies of products
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4. EFFECT OF SCATTERING AND STRAGGLING ON EXPERIMENTAL RESULTS

Difficulties one must address with these types of measurements

are the effects of nuclear stopping and scattering in the target, and

the effect of straggling in the catcher material.

The effects of stopping and straggling in a Au target were

considered by Kraus, et.al., 4 who concluded that nuclear stopping

is not a problem with thin targets, as the range of all nuclides

detected was greater than target thickness/cos B. This is also true

for the Ho targets, although not, as discussed above, for the Be

backing.

The approach used by Kraus, et.al., to estimate the effects of

scattering may be used here. In the LSS(Lindhard, Scharf, and

Schiott) theory of scattering by a modified Thomas-Fermi

potential, 16
the probabilities for scattering at various angles may

be calculated.

The differential cross section for scattering through an angle 0

is given as

where

a

do a2 2f(t1/2)

do 8t

4.683 x 10 -9

(212/3+Z22/2)1/2

<E>aM2

Z1Z2e2(M1 +M2)

csin(1/20cm)

CM
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<E> is the recoil energy of the ion in the lab system, a the

screening radius, e the elementary charge, and Z and M refer to the

atomic number and mass, respectively. The subscript 1 refers to the

fragment and 2 refers to the stopping material. The value of f(t1/2)

is taken from the LSS universal scattering function.16

In Table 10 are presented calculated values of scattering

probabilities for 165Tm in the 165Ho and in the Be backing. The

probabilities for scattering decrease at all angles as Afrag

decreases; this is in part due to the fact that smaller mass

fragments are likely to be moving faster. For both scattering

materials, scattering is forward peaked. For the Be backing the

probability decreases with angle more rapidly, so that for all angles

backward of 50°, the probability of scattering is less than 1%.

The conclusion, then, is that forward angle scattering is

significant, and probably smears out the angular distributions. Any

fragment of mass less than 165Tm will show less probability of

scattering at all angles. This is similar to the conclusion reached

for the 197Au target.

The effect of straggling in the catcher material on the range

distributions has not previously been addressed in this context.

Lindhard, et.al.,17 investigated range straggling on a theoretical

basis. We will need to calculate the parameters k, e, and y,defined

k- 211/6 (0.0793 Z14 Z24(A1 +A2)3/2)

(Z12/3 + Z
2
2/3)'75A

1
1'5A

2
1/2

e - EaA2/(2122e2(A1 + A
2

)

7 - 4A1A2/(A1 + A2)2

a -0.8853ao/Z11/3
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scattering
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165Tm/165Ho

5 9.24 .148 .43 3.720x10-17 1

10 18.46 .295 .41 4.478x10 18
.92

15 27.67 .439 .38 1.259x10-18 .50
50 90.5 1.305 .23 2.902x10 -19

.15
90 148.0 1.765 .21 1.071x10-20 .006

130 170.5 1.831 .20 9.136x10 -21 .005
160 176.85 1.831 .20 9.136x10-21 .005

165Tm/ 9Be

5 9.24 .621 .33 1.122x10 19 1
10 18.46 1.237 .23 9.899x10-21 .86
15 27.67 1.866 .08 1.039x10-21 .18
50 90.5 5.478 .07 3.469x10-23 .007
90 148.0 7.414 .07 1.399x10 23 .003

130 170.5 7.687 .07 1.255x10-23 .002
160 176.85 7.710 .07 1.244x10-23 .002

TABLE 10: Scattering probabilities for 165Tm in Ho target and Be
backing.
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where the subscripts 1 and 2 refer to the heavy fragment and the

stopper, respectively, and all other symbols have their usual

meanings.

As a worst case example we will use 167Tm as the slow-moving

fragment, using Elab - 8.35 MeV, taken from the energy spectrum

deduced in this experiment. The catcher material is mylar

(C10H804) . For the purpose of this calculation we will use a

weighted average of A2 - 8.73 and Z2 -5.27. Then k - .06, a -

1.14 x 10 -9
, c - 9.05, and y - 0.189, from which we derive

1 a2 - a2 -.065
7 R2 0.189 R2

Using the graph in Fig 6 of Ref 17, we determine

a2 .0123

R2

Using standard range-energy tables 13 for 167Tm and linear

regression, it can be shown that the range of 167Tm is proportional

to the velocity v R - 2.2v + .23. Thus

- 0.0123

and feai14 - 0.11
t v'j

Another approach is that of Hvelplund and Firsov. 18 We define

(1HF, the energy straggling,in (eV)2,

L2HF 8(Z1 + Z2)8/3.10-15.(v/v0) 2

Na

c/137 v/vo - 1.42

02HF/NAR - 1.11,10 -9 eV2cm2/atom
Since the range, AR, of "J"Tm in mylar is -0.456 mg/cm2 , NOR

3.14x10 atoms/sqcm, and



02HF 3 49 x 10-2(MeV)2

48

Further

A.72 n2 ) 0.021
1; 2 [E22HFI

0.14(Av2)4
772

very similar to the value obtained by using the LSS method. Thus we

have two theoretical methods of dealing with straggling in the

stopping material. Similar calculations made for typical light

fragments and fission fragments(see Table 11) show that straggling for

these fragments is less than for the heavy products, about half as

much for slow-moving light fragments such as 52Mn and a third as

much for fission fragments, with the energy taken from the peak in the

energy spectrum for 97Ru(Appendix C and Sec 4). The major effect of

such straggling would be to broaden the energy spectra.
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NUCLIDE 97Ru 52Mn

E(MeV) 68.0 10.4

k .112 .106

222.6 126.1

7 .30 .49

AR2/R2
.0015 .0492

(46v2/v2)11
.039 .07

TABLE 11: Straggling probabilities for typical light
and fission fragments.
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5. DISCUSSION

SA. HEAVY PRODUCTS

In the interactions of 17.3 A MeV 12C and 17 A MeV 160 with

165Ho, 12 Kraus found significant trans-target production cross

sections. For the reaction reported here we have detectable cross

sections for products up to 175Hf, 5 Z-units and 10 A-units above

the target. Some of these products such as 160Er, 165Tm, and

161Er have total cross sections higher than any below target

nuclides. The question arises what mechanism could produce these

nuclides? Some possibilities are complete fusion, followed by

evaporation of nucleons or groups of nucleons; incomplete fusion, in

which pre-equilibrium emission also takes place, and deep inelastic

scattering, in which the net mass flow would be in the direction of

the target.

All nuclides have forward peaked angular distributions; it was

not possible to transform these distributions symmetrically into the

moving frame.

The range distributions offer a further division of heavy

fragments. The energy spectra are different for A>140. From 151Tb

Hfto 170
peaks are clearly distinguishable in the energy

spectra. This suggests that two mechanisms may be responsible for the

production of these nuclides.
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The program LINDA29 , a monte-carlo nuclear reaction simulation

program, was used to simulate the production of evaporation residues,

first assuming complete fusion, and secondly assuming that pre-

equilibrium emission had occurred as predicted by the Blann

pre-equilibrium emission model(see below, Sec. 6) which predicted an

emission of 2 protons and 5 neutrons. Figure 9 shows the mass

distribution, energy spectra, and angular distribution for each

case. The angular distributions are very similar, both very forward

peaked, corresponding well with the experimental data. The mass plot

for both assumptions is very similar, with the incomplete fusion

tending slightly to heavier masses. A mass number of 170 is

approximately the mean value, so the angular distribution of 170Hf

is compared to the theoretical distributions. The similarity is

clear, although the 170Hf distribution appears to drop more

quickly than the two theoretical ones. However, the large

uncertainty in the last 170Hf point allows the 170Hf distribution

to be, possibly, very much like the theoretical ones. The kinetic

energy spectra give different average energies, 0.40 MeV/nucleon for

incomplete fusion, and 0.46 MeV/ nucleon for complete fusion. The

measured energy distributions show peaks at -0.1 MeV/nucleon and

-0.5 MeV/nucleon. The resolution of the experimental data does not

make it possible to say whether complete or incomplete fusion is the

dominant production mechanism or whether they are equally likely. It

is reasonable to conclude, however, that one of these three

possibilities is the case.
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The lower energy peak could perhaps be assigned to various

inelastic events, such as DIS. To check the reasonableness of this

assumption, standard kinematic formulas 26
were used to calculate

the angles and energies of projectile like fragments when .09 MeV/A

was assumed to be the target like fragment's energy, and a range of

angles from 0° to 21.3° was assumed(21.3° is the maximum angle

covered by the differential range foils). 167Tm was used as a

representative target-like fragment and 30 Si was assigned as the

projectile like fragment. Q was assumed to be -200 MeV. The results

are presented in Table 12. As can be seen, the light fragments would

be very forward peaked and would have kinetic energies -10 MeV/A.

30Si is a stable nuclide and thus was not detectable by gamma

spectroscopy, but other light nuclides were, and certainly they are

all forward peaked, as their angular distributions show. Also, these

light nuclides were seen at energies of -10 MeV/nucleon in the

forward angle energy spectra, as expected. Thus it is possible that

the low energy peaks for the heavy fragments may be assigned to

inelastic events such as deep inelastic scattering.

5B. FAST FISSION

In Sec. 313 it was seen that none of the products in the fission

bump of the isobaric yield curve could be clearly shown to have a

moving frame angular distribution which is symmetric about 90° in the

moving frame. It was suggested that this observation may correspond

to a report by Ldtzenkirchen, et.al.,22 that quasi-fission(or fast
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HEAVY FRAGMENT
EMISSION ANGLE EHF (MeV) *('Si)

i
E (MeV/A)LF

1.0° 14.8 - .306° 10.5

4.0° 14.8 - 1.22° 10.6

9.2° 14.8 - 2.81° 10.8

17.0° 14.8 - 5.13° 10.8

18.4° 14.8 - 5.54° 10.8

TABLE 12: Kinematic calculations
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fission) products did not have center of mass angular distributions

which were symmetric about 90°. Additionally the isobaric yield

curve reported in Sec. 3A is much broader than the isobaric yield

curves for the 160 and 12C reactions to which it was compared.

Broadening of the fission products mass distribution is a signature

of fast fission.

The energy spectra for products of mass number greater than 76

and less than 140 show a single peak as discussed in Sec. 3C. For

all of the nuclides with A<70, a low energy peak occurs at about .1

MeV/nucleon. This is due to elevated cross sections in only one

foil, the second foil(as explained in Sec. 3C, the first foil was

omitted from the plots). Assuming a possible 10% error in

measurement of the foil thickness in addition to an error of 10%

which may be assumed for all the cross sections in the energy

spectra, does not account for this peak. In Sec. 4, a calculation

was presented which suggested that about 7% straggling could be

expected to occur for light fragments. Even assuming that straggling

only occurred into this foil and not out of it does not account for

the peak in this foil. The energy is too low for the light fragments

in this bin to be the result of an inelastic process or of a very

asymmetric fission. A secondary scattering off either a Ho or a Be

nuclide would not cause a light nuclide moving at -1 MeV/nucleon to

lose sufficient energy to account for this low energy peak. These

sorts of low energy components in energy spectra have been seen in

other intermediate energy reactions. 30
Loveland, et.al., have seen

these low velocity light fragments in a number of experiments with

intermediate energy projectiles. No explanation has been found
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to account for them; unfortunately, it is not possible to suggest an

explanation here, either.

It appears that all of the products in the fission bump were at

least in part produced by fast fission, or some fast, non-equilibrium

process which looks like fission. Aleklett, et.al.,11 found a

split in the fission products in the interaction of 17 A MeV 32S

with 197Au, with part of the fission cross section apparently

producted by a fast, non-equilibrium process. They have suggested

that the fast non-equilibrium process seen in the 32S/197Au

reaction may be fast fission 22. However, in the Au target

experiment, most of the fission bump nuclides can be shown to be

produced in a normal fission process, which is not the case for the

Ho target experiment. The difference is probably because of

different behaviour for the case of complete fusion for Au and Ho

target nuclides. Ho is known to fission after complete fusion only

when sufficient angular momentum is imparted to it, whereas Au

fissions almost 100% following complete fusion events. In the case

of the intermediate energy 32 S projectile it would seem that for Ho

target nuclides, the fission products are produced to a much larger

degree by fast fission than for the Au target nucleus, and thus the

effect on the moving frame angular distribution symmetry expected for

fission products has disappeared for the reaction with a Ho target

nucleus.

Fast fission is a mechanism in which the partial waves that

exceed the rotating liquid drop limit at which the fission barrier

vanishes, but which are less than the critical angular momentum,

could lead to a process in which the time scale is shorter than for



58

complete fusion, but longer than for deep inelastic scattering.

Thus, the system does not have the time to achieve equilibrium, but

the products may have much the same characteristics as fission

products.

For the 32S + 165110 system the values of 1Bf_o and

lcrit are 78 and 95; 19 clearly a sufficient range of partial

waves exist to make the fast fission process a possibility. It is

worth pointing out that, for the 12C and 16 0 reactions with Ho

mentioned above, for which no evidence of fast fission has been seen,

13f-0 > lcrit Table 13 gives the relevant angular momentum

values.

If it is assumed that the fission bump in the 17 A MeV 160 +

165Ho reaction isobaric yield curve is all normal fission, then it

is possible to fit the curve to the 32S + 165E0 curve by

multiplying by a constant factor and subtract the normal fission from

the total fission bump for the 32S with 165Ho reaction to obtain

an estimate of the cross section for the non-equilibrium production

process for these fragments. This procedure is illustrated in Fig.

10; the dashed dotted line is for the 32 S induced reaction; the

dashed line is for the 160 induced reaction. The trapezoidal rule

was used for the integration. The area between the two curves, the

one for the 160 reaction and the one for the 32S reaction, is 876

mb; thus the fast fission cross section would be 438 mb. This is 11%

of the total reaction cross section and thus is larger than would be

expected; the expected cross section for partial waves with 78<1<95
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REACTION 1BfO lcrit lwax

208 MeV 12C + 165H0
85 57 100

292 MeV 160 165H0 84 68 133

529 MeV 32s 165H0
78 95 258

529 MeV 325 + 197Au 66 96 267

TABLE 13: 1 values for several reactions19
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would be 172 mb. Since the error in the isobaric yield curves may be

quite large, as large as 30%, the error in this calculation is also

large, as much as 40%. However, even a 40% error does not explain a

cross section 2.5 times the expected one. It may be that other types

of reactions are involved, such as deep inelastic scattering.

However, this difference in cross sections may also point to a

possibility that fast fission is not really completely understood

yet. It should be noted that Aleklett, et. a1.11, found the fast

fission cross section to be in excess of that expected for the 17 A

MeV 32S reaction with 197
Au.

Aleklett, et.al., 11 fitted the backward angles of their

131Ba moving frame angular distribution to that of 87Y, which

could be assumed to be a normal fission fragment, and thus resolved

the 131Ba curve into two components, that due to normal fission, an

equilibrium process, and another due to a non-equilibrium process,

perhaps fast fission. The same process could not be tried here

because no symmetric angular distributions are available.
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6. MODELS

For low energy reactions the sum-rule model27 has been found

to be a useful description of mechanisms. This model allows only

complete and incomplete fusion reaction channels, since it was

specifically proposed for low energy reactions. At high energies

such models as the firestreak model 28 have proved very useful.

However, at intermediate energies neither of these models is very

successful. The sum-rule model has been shown to overpredict

complete-fusion reactions. The firestreak model was originally

proposed by Myers as a model for fragmentation in relativistic heavy

ion collisions. This model makes use of the 'participant-spectator'

model, in which some parts of each target and projectile do not take

part in the reaction. The firestreak model has been found to

underestimate greatly fission cross sections at intermediate

energies.

More recently a different approach has been tried in several

models which hope to describe intermediate energy reactions with the

inclusion of statistical mechanical concepts. 29-31 The nucleus is

represented as a two-component Fermi gas populated at all levels up

to the Fermi energy. An example of this sort of model which has been

used successfully to predict some aspects of intermediate energy

heavy ion reactions is the Blann pre-equilibrium emission model.29

The Blann model treats the incoming projectile as a series of

excitons entering the nucleus. A Boltzmann master equation is used

to follow the propagation of excitation energy through the target

nucleus. The equation used is



dt ;
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:7A413,k1gigini(lenk)(1-n1)901-nigVai,i-gi tdt
(nigi)fus,

,

where ni is the average occupation number and gi the number of

single particle states per MeV in an energy interval 1 MeV wide

measured from the bottom of the compound nucleus well. The wab,cd

are the transition probabilities for nucleons in initial states a and

b to scatter into final states c and d; they are evaluated from free

nucleon-nucleon scattering cross-sections. Pauli blocking is

simulated by the (1-ni) terms. The last term in equation (1)

represents the time dependent injection of excitons into the fusing

system.

The Blann model has been used by Loveland, et.al.,26 to

calculate the average fractional linear momentum transfer to the

target nucleus, and the spectra of the pre-equilibrium neutrons and

protons for a number of systems in which 154Sm is the target. Mass

yields, angular distributions, and product energy spectra were then

deduced using the computer codes PACE and LINDA. It was found that

the Blann model reproduces reasonably well the mass yields and

angular distributions. The average fragment velocity is also well

predicted, but the shape of the energy spectra at the higher energies

is not well reproduced.26

The reasons for deficiencies in the Blann model are not

difficult to understand. The pre-equilibrium calculations do not

include simulations of massive transfer or breakup fusion or of low

momentum transfer events such as various inelastic processes. A

symmetric Gaussian shape is assumed for the fragment velocity
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spectra, which is appropriate for fusion-like events, but not for the

other processes mentioned above. The surprise is not that the model

is not able to predict the velocity spectra correctly, but that it

works as well as it does in predicting the other observables.

The Blann model was used to obtain predictions of primary

product distribution for the interaction of 17 A MeV 32S with

165
Ho. The exciton number was taken to be Aproj + 3. Using the

results of the Blann program as input data, two different

deexcitation programs were used to calculate final product

distributions for a variety of different compound nucleus excitation

energies, ranging from 15 MeV to 345 MeV. The programs used for

deexcitation were the Julian-Pace code, 32 an angular momentum

dependent monte-carlo code, for excitation energies up to 195 MeV,

and the DFF code33 for energies from 165 MeV to 345 MeV. Both the

PACE and DFF codes are monte carlo codes which allow deexcitation by

particle emission and fission. Both have weaknesses; the DFF code

does not take into account the effects of angular momentum, and the

PACE code is unable to calculate deexcitations for excitation

energies above about 200 MeV.

The most significant result of these calculations is that for

every excitation energy above 15 MeV, a significant proportion of the

reaction cross section was expected to be fission events. Fig. 12

shows the predicted percent fission plotted against excitation

energy. The measured value for %fission for this reaction is 52.3%.

The lower measured fission percentage may also suggest that many of

the products are the result of systems of low excitation energy,

since the predicted %fission for low excitation energy is more in
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line with the measured value. Not allowed for in the Blann code are

the sorts of inelastic processes which were suggested in Sec 5A to

account for some of the heavy product production cross section. Thus

the low predicted percentage of heavy products for this reaction may

be due to the Blann code's not allowing for all of the processes

which produced those products in the reaction reported here.
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7. SUMMARY

This paper has presented experimental data from the reaction of

17 A MeV 325 with 165Ho.
This experiment is part of a larger,

long-term set of experiments with the intent of studying changes in

reaction mechanism with energy and projectile size. 325 S s a

larger projectile than has previously been used with 165Ho targets

at intermediate energies.

Radiochemical methods are useful and particularly appropriate

for detecting heavy fragments, which as pointed out previously and

further demonstrated here, comprise an important and interesting part

of the reaction cross-section.

The main points covered in this paper are:

1. The broadening of the isobaric yield curves as compared to those

from reactions of smaller-A projectiles with Ho target nuclei points

to fast fission as a possible reaction mechanism for products in the

fission bump. The suggestion that fast fission is present in this

reaction is supported by the moving frame angular distributions; none

of these are truly symmetric about 90°, thus suggesting their

formation in a fast, non-equilibrium reaction. Fast fission as a

formation mechanism for fission-like products is also supported by

the relevant angular momentum values. Since lttit >
132,f o, fast

fission could be related to partial waves with 18f.0 < 1 < lcrit'

The expected cross section for the relevant partial waves for the

present investigation is 172 mb; the experimental measured cross

section is 2.5 times higher. Although one possibility is that other

reaction mechanisms may be included in the measurement, it is also
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possible that an understanding of fast fission is not yet complete.

2. Heavy products, including trans-target products occur with high

cross sections in many cases. The energy spectra for these nuclides

suggest two main reaction mechanisms: inelastic events such as deep

inelastic scattering and some combination of complete and incomplete

fusion. The resolution in the range distribution experiment was not

sufficient to discern the difference between complete and incomplete

fusion, which in fact are not very different for this reaction.

3. Nuclides that are generally designated as intermediate mass

fragments occur for this reaction with generally low cross sections.

The data suggests that this class of nuclides may have been produced

at least in part by deep inelastic scattering.

4. Unlike the case for this same projectile with a Au target

nucleus, no evidence of complete fusion followed by fission is found.

Probably this indicates that fission fragments were produced to a

much higher degree by fast fission than is the case for the reaction

with Au nuclei.

The evidence offered here for fast fission, or at least for some

fast, non-equilibrium mechanism producing heavy fission-like

products, supports and agrees with the evidence seen by Aleklett,

et.al., for the reaction of 17 A MeV 32 S with 197Au. Further

investigation of this phenomenon is indicated. Since the detection

of heavy fragments is necessary for such an investigation,

radiochemical techniques will continue to be important and useful.
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9. APPENDIX A:

ANGULAR DISTRIBUTIONS
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10. APPENDIX B:

MOVING FRAME ANGULAR DISTRIBUTIONS
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11. APPENDIX C:

ENERGY SPECTRA
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12. APPENDIX D

ESCAPE PROBABILITIES FOR TARGET FRAGMENTS

A question that must be answered is: how much of the cross

section is lost because no backward catcher was used in the mass

yield experiment? A program was written to simulate the angles of

emission , path lengths, and energies of each of four typical

fragments. Each energy was taken from the energy spectra derived in

this experiment(Appendix C) and was weighted by the relative cross

section found for each average energy. 28Mg was chosen as a worst

case, since it is a light fragment, and a large proportion of its

cross section could have sufficient energy to escape the 87 mg/cm 2

target. 28Mg was not included in the isobaric yield curve, so the

only purpose in using it here is to demonstrate the worst case for a

light fragment. 52Mn was chosen as a typical light fragment;

96Tc and 17011f were chosen as representative fission and heavy

fragments respectively. Table D-1 gives the results. We have the

percent escaping backward, which combined with the F/B ratio obtained

by integration of the angular distributions(Table 7) gives the total

percent escaping the target. For all fragments this percent is

acceptably low.
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NUCLIDE

PERCENT

ESCAPED F/B

28Hg

52Mn

96Th

170/4f

29

12

13

10

7.1

6.0

3.9

19.4

TOTAL %

ESCAPED

4

2

3

<1

TABLE D-1: Percent escaped of representative products


