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Electrostatic collection of Tb and Dy recoils stopped in H2 gas has been explored and found satisfactory
for the study of recoil-range distributions. For the reactions Pr11(C' 4n)Tb r, Nd'4(B", 8n)Tb
Nd144(C", nn) Dy"' ', and Ce'4 (0",xn) Dy"' ' (where x=5, 6, or 7), the range distributions are determined

by the initial velocity distributions of the recoiling reaction products. The comparison of previously meas-
ured angular distributions with these range distributions provides a good method of determining average
total neutron energies. The method is relatively insensitive to angular anisotropies (do(0') —do(90')g/
do (90') of less than about unity, but can provide clear evidence for strong forward-backward peaking in the
angular distribution of the neutrons. The results are consistent with nearly isotropic neutron emission for the
latter two reactions, and previously reported neutron energies are supported. Strong forward-backward peak-
ing of the neutrons is indicated for the former two reactions and previously reported neutron energies are cor-
rected by about 20%.

I. INTRODUCTION

'HIS paper is one of a series that explores the
properties of compound nuclei of energy up to

120 MeV and angular momentum up to 100k. In
previous studies measurements were made of the
formation cross sections, recoil ranges, and angular
distributions of Dy and Tb nuclides produced in heavy-
ion-induced reactions. The average range values give
strong but indirect evidence for neutron emission
essentially symmetric about 90 deg in the c.m. system. '
Also, the excitation functions exhibit a clear regularity
and depend on the average angular momenta of the
compound systems. ' These observations are interpreted
as evidence for the applicability of the compound
nucleus and statistical models to these reactions.

The average total energies of the emitted neutrons
and photons were obtained from an analysis of the
angular distributions of these Dy and Tb products. ' In
this analysis, isotropic neutron emission was assumed.
It was pointed out that the assumption of isotropy
could be tested by measuring the range straggling of
the products due to their distribution of velocities. The
range straggling in aluminum foils was found to result
primarily from the stopping process and from in-

homogeneities of the foils. '
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This report deals with the electrostatic collection of

Dy and Tb recoils stopped in hydrogen gas and discusses
the use of this technique to determine range distribu-
tions. Theoretical considerations and various tests of
the collection method indicate that the range distribu-
tions thus obtained are primarily due to the velocity
distributions of the products. The comparison of these
range distributions with the angular distributions
verihes the approximation of isotropic neutron emission
for the reactions Nd"'(C", 5tt)Dy'"; Nd'44 (C",6rt) Dy'";
Nd144 (Cls 7rt)Dy146 Ce140 (016 5N)'Dyl 61 Ce140 (016 6rt)
Dy'"; and Ce"'(0" 7N)Dy"' for these reactions the
previously reported' values of average total neutron
and photon energies (T„and T„) are conhrmed. A

rather pronounced forward-backward peaking is indi-

cated for neutron emission in the reactions Nd146 (8",Sts)-
Tb"" and Pr'4'(C", 4rt)Tb"", and corrected values for
the neutron and photon energies (T„and T~) are de-
rived from the data by an approximate method.

II. EXPERIMENTAL METHOD

A. Apparatus and Typical Experimental Conditions

%e have studied Dy and Tb recoils from reactions of
heavy ions (B" C', 0", and Ne") with various targets
made of thin layers of the appropriate separated
isotopes evaporated onto Al backing 0.00025 in. thick.
The recoils are initially directed in a narrow cone along
the beam direction (& 15 deg). ' They are slowed down in

H2 gas and collected on two parallel plates covered with

Al foil which are maintained at a potential difference
from 500 to 2000 V. The spatial distribution of the radio-

active products is determined by cutting the collector
foil into strips, which are assayed for n activity as

previously described. ' ' A schematic diagram of the
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FIG. 1. Schematic diagram of recoil collection apparatus, show-
ing the various collector positions: (a) front view; (b) top view,
normal collector position; (c) top view, recessed collector position.
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distribution histograms
and (b) probability plots
for Nd144(C19 9949)Dy149 141
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apparatus is shown in Fig. l. The beam enters the gas-
tight chamber through a 0.001-in. Dural window and
passes through two 3/8-in. collimators, spaced about
3 in. apart. The second collimator also serves as target
mount. Energy-degrading aluminum foils, when used,
are mounted on the 6rst collimator. After passing
through the target, the beam is monitored by a Faraday
cup, separated from the chamber by a second window.
This gas-stopping technique has been used previously

by several other workers. ' '
The chamber and U-tube mercury manometer were

flushed several times with hydrogen gas before each

exposure. The chamber was then 6lled to the desired
pressure and sealed. Opposite potentials, usually
1000 V with respect to the grounded target mount and
chamber walls, were applied to the collector plates.
Pressure readings were taken before and after each
exposure; the final pressure was never more than 0.05
in. greater than the initial pressure and a difference
of 0.02 in. was typical.

Most of the recoil collection (40 to 70 j~) was on the
negative plate. The positive plate collected about one-
tenth as much as the negative. The lack of reproduci-
bility of the collection efriciency is attributed to variable
levels of impurities in the gas. There was no detectable
dependence of collection e%ciency on voltage, but it
seemed to be lowered by increasing gas pressure.
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FIG. 3. (a) Range
distribution histograms
and (b) probability plots
for the Ce" (0",a99)—
Dy'4' '" reactions. No-
tation as in Fig. 2.
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The Hilac furnishes 3-msec beam pulses at a fre-

quency of 10 to 15 pulses/sec. Exposure to average
beam current greater than 75 mpA gave rise to an
upward drifting of the collected recoils. The drift dis-

tance increased with increasing beam intensity and is
presumed to be due to convection currents. If the ions
move toward the plates with a mean velocity of
=104 cm/sec (a,s discussed in Sec. II.B), then convec-
tion currents of =10' crn/sec or =20 mph would cause
detectable upward drifts. The width of the range
distributions in the beam direction was not appreciably
affected by even the largest upward drift observed
(=1/4 in.). Experiments were performed at low beam
intensities (=50 mf4A) to minimize any possible con-
vection effects, as well as to avoid discharges in the
chamber.
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Under these conditions the plate voltage was not
affected by the beam, and the ion current in the cham-
ber was proportional to the beam intensity. The profile
of the pulses of ion current in the chamber was essen-
tially the same as those of the beam. Under typical
experimental conditions, there were about 3X 10'
projectiles per beam pulse, or (assuming 30 eV per ion
pair) about SX10"ion pairs produced. This corresponds
to an ion density in the direct beam of about 3X10"
ions/ml, compared to about 10'a molecules/ml of gas.
We actually collected about (2 to 10)X10" positive
ions (measured by the integrated current on the nega-
tive plate), and 3 to 10 times as many negative ions per
beam burst. Presumably, the difference between positive
and negative ion collection is due to electrons ejected
from the target and window foils. Extensive recombina-
tion of the ionized gas molecules must take place, but
40 to 70%%u~ of the rare-earth recoils are collected on the
negative plate. (The collection e%ciency was deter-
mined by comparison of the number of recoils collected
electrostatically with that from a separate monitor
target placed just upstream from the target shown in
Fig. 1.)

B. Tests of the Method

One cannot be sure a priori of the relationship be-
tween the recoil range and the point at which a recoil is
collected, and the horizontal distance from target to
point of collection may differ from the projected recoil
range. Therefore a variety of tests have been performed.
The results of typical experiments are shown in Figs. 2
and 3. A Gaussian function (indicated by the straight
lines on the probability plot) provides a good fit to
most of the observed distribution. In most experiments
a "short-range tail" is observed, which is not fit by the
Gaussian plots. (This tail never contains more than 3%
of the recoils collected; however, the magnitude and
shape are not reproducible. )

If this tail is neglected, the range distributions can
be represented by the median range Eo and standard
deviation o. (or range straggling parameter p=o./Re)
as determined from the Gaussian fit. Alternatively, the
average range is given by

TAsI,E I. Results of some experimental tests.

Expt. Ro
num- Bs p Field a

ber (Mev) (in. Hg) (V/in. ) (in.) (mg/cm~) p

(R) (d R~ Pi'&

Ro (R)p

1b 113.0 8,05
2o 113.0 8.07

3d 145.0
4d 145.0
5d 145.0
6d 145.9
7d 142.7
8d 142.7

11.83
11.76
11.70
7.78

22.38
22.24

Nd144 (C12 7/) Dy149

2000/2 3.70 0,211
2000/2 3.62 0.209

Ce'4o (O'o, 7n) Dy149

2000/2 3.99 0.336
1333/2 3.98 0.333
2000/3 4.07 0.339
2000/3 5.74 0.317
666/1 2.04 0.324

2000/3 2.01 0.317

0.134
0.131

0.096
0.099
0.106
0.100
0.123
0.178

0.975 1.44
0.983 1.33

0.999 1.03
0.999 1.06
1.000 1.08
0.996 1.06
0 995 1.15
0.950 1.54

Potential difference divided by distance between plates.
& Target thickness of 80 pg/cm~.
& Target thickness of 10 pg/cm~.
~ Target thickness of 32 pg/cm~.

0.9999

0.999—

0.99—

0.9—

0.5—

0.1—

and (AR')/(R)' depends on the magnitude of the short-
range tail. This tail was essentially eliminated by a
wide-angle collimator, which removed recoils at very
large angles (position c in Fig. 1), as shown in Fig. 4.
The collimator accepted all angles with appreciable
cross sections as determined by angular-distribution
measurements. ' These facts and the inability to re-
produce the shape of the tail lead us to believe that the
tail is mainly of instrumental origin. Therefore we
eliminate the tail from our analysis and use the Gaussian
parameters Eo and p. Standard deviations for a single

0.01—

where Ii; is the fraction of the collected activity on the
ith strip, and d; is the projected distance from the
target to the center of this strip (increased by the
stopping equivalent in H2 of one-half the target thick-
ness); the mean range fluctuation is given by

0.001—

0.0001
0

0
I I I I I

6 (curves (0) and (b))
4 (curves (c) and (d))

Distance from target {in.)

(hR')/(R)'= P F (d (R))'/(R)'. —

As shown in Tables I and II, the difference between Eo
and (R) is negligible, and these two pa, rameters are
practically interchangeable, The difference between p'

FIG. 4. Probability plots for the following range distributions:
(a) Ce" (0' va)Dy' Eq=144.5 MeV, p=13.60 in. Hg, normal
collector position. (b) Ce'"(0" 7n) Dy"' 8&= 145.0 MeV,
p = 11.83 in. Hg, recessed collector position. (c) Nd"'(C", 7&z)Dy";
L~y=109.3 MeV, p=6.09 in. Hg, normal collector position. (d)
Nd'44(C" 7n)Dy'4' E&=109.4 MeV, p=6.01 in. Hg, recessed
collector position. Plot (d) is displaced by 0.5 in, with respect
to (c).
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TABLE II. Stopping of Tb and Dy ions in hydrogen.

(Mev)
. p

(in. Hg) (in. )

Ro

( mg/c m')

(R)

Ra

(rtLR ) ~ F(RQ 0)—'F(RO 2tr)—F(RO+ 20)'

4,36('&
4 90(~)
5.28(»
5.55('&
5.81('&
5.S2(»
5.84('&

5.98('&
6.48('&
6.96(4)
7.06('&
7.'os(»
7.52(4)
7.57(»
8.03(4&

8.04(4)
8 p4(4)
8 04(4)
8.29(4)
8.29(4)
8.29(4)
8.35('&
8.35(»
8.58(')
8 87(')

10.01('&
1p g4(s)
1O.91(»
10.98('&
».75(»
11.83(»
13 04(s)
13.31(7)
14.16(s
14 2P(s)
14 2P(s)
14.29('&
14 4P(9)
14.62("&
14 72(&&)

17 p5(»
17 27(9)
17.46('4&

17.58('»
1S.43(»&
18.56('0&

18.68('&
2o.7o(»)
2o.'73(»&

20 87('0
21.26('4&

3.90
6.66
4.65
5.12
6.60
4.80
4.81
5.08
6.24
6.93
6.93
6.24
7.83
7.83
6.09
6.01
6.00
5.97
8.50
8.05
8.07
8.50
8.05
8.15
7.54

10.12
10.27
10.27
10.27
10.94
10.94
12.52
12.52
13.60
11.83
11.76
7.78

10.52
11.42
11.42
12.00
12.00
12.64
12.64
13.44
13.44
13.44
15.10
14.97
14.97
15.63

4.22
2.78
4.08
4.31
3.28
4.39
4.56
4.21
4.13
3.73
3.69
3.92
3.57
3.54
4.74
4.85
4.88
4.85
3.56
3.70
3.62
3.51
3.65
3.88
4.30
3.50
3.55
3.56
3.58
3.64
3.64
3.49
3.50
3.37
3.99
3.98
5.74
4.26
3.87
3.88
4.21
4.21
4.05
4.05
3.98
4.02
4.01
3.96
3.93
3.94
3.74

0.117
0.132
0.135
0.157
0.153
0.151
0.156
0.153
0.167
0.186
0.183
0.173
0.192
0.190
0.206
0.207
0.208
0.206
0.212
0.211
0.209
0.207
0.209
0.225
0.230
0.252
0.259
0.261
0.261
0.283
0.283
0.311
0.312
0.326
0.336
0.333
0.317
0.321
0.322
0.323
0.359
0.359
0.365
0.365
0.381
0.385
0.384
0.425
0.418
0.419
0.414

0.144
0.156
0.152
0.132
0.141
0.147
0.144
0.184
0.191
0.130
0.144
0.211
0.126
0.135
0.137
0.138
0.142
0.136
0.131
0.134
0.131
0.138
0.146
0.096
0.106
0.098
0.094
0.102
0.100
0.094
0.098
0.093
0.098
0.096
0.096
0.099
0.100
0.102
0.099
0.094
0.095
0.100
0.091
0.091
0.090
0.094
0.092
0.080
0.084
0.090
0.092

0.973
0.981
0.988
0.998
0.980
0.985
0.995
0.985
0.984
0.989
0.989
0.993
0.962
0.962
0.995
0.997
1.01
0.996
0.981
0.975
0.983
0.981
0.975
0.993
0.992
0.994
0.987
0.987
0.987
0.994
0.994
0.993
0.993
0.990
0.999
0.999
0.996
0.997
0.995
0.995
0.994
0.994
0.994
0.994
0.999
0.999
0.999
0.995
0.999
0.999
0.998

1.47
1.24
1.25
1.17
1.37
1.20
1.08
1.21
1.20
1.20
1 ~ 20
1.08
1.45
1.45
1.15
0.956
0.965
0.949
1.35
1.38
1,33
1.35
1.38
1.21
1 ~ 19
1.19
1.47
1 47
1.47
1.18
1.18
1.16
1.16
1.31
1.03
1.06
1.06
1.15
1.24
1.24
1,30
1.30
1.14
1.14
1.15
1.15
1.15
1.33
1~ 18
1.18
1.15

1.16
1.27
1.10
1.01
1.29
1.15
1.11
1.06
1.08
1.21
1.21
1.00
1.25
1.25
1.00
1.00
1.00
1.00
1.20
1.10
1.03
1.20
1.10
1.24
1.09
1.12
1.24
1.24
1.24
1.10
1.10
1.01
1.01
1.24
1.00
1.00
1.00
1.04
1.14
1.14
1.04
1.04
1.10
1.10
1.03
1.03
1.03
'1.04
1.00
1.00
1.00

3.41
3.45
2.23
2.14
3.67
2.81
1.50
2.50
2.42
3.00
3.00
1.82
3.35
3.35
1.31
1.00
1.27
1.27
3.14
2.40
2.27
3.14
2.40
3.56
2.14
2.44
3.40
3.40
3.40
2.09
2.09
1.49
1.49
2.78
1.21
1.00
1.57
1.87
2.59
2.59
2.16
2.14
2.38
2.38
2.00
2.00
2.00
2.23
1.54
1.54
1.50

1.00
1.00
1.00
1.00
1.00
1.01
0.99
1.00
1.00
1.00
1.00
1.00
1.00
1.00
1.00
1.01
1.01
1.01
1.00
1.00
1.00
1.00
1.00
1.00
1.00
1.00
1.00
1.00
1.00
1.00
1.00
1.00
1.00
1.00
1.00
1.00
1.00
0.99
0.99
0.99
1.00
1.00
1.00
1.00
0.99
0.99
0.99
0.99
0.99
0.99
1.00

a The recoil energies were calculated by means of Eq. (6) for the following nuclear reactions:

(1) Pr 4'(C', 4m)Tb g (6} Ce~4o(O~B, Sn) Dy»'
(2) Nd~44 (C&B Spz) Dy~6~ (7) Ce140 (OlB 6~)Dy160
(3) Nd'«(B», se)Tb'4» (8) Ce140(01B 7~)Dy149
(4) Ndt44(C», 7e) Dy~4B (9) Ba»B(Ne», 7e) Dy»t
(5) Nd144 (C12 6~) Dy160 (10) Ba»B (Ne», SN) Dy»o

(11) Ba'»(Ne», 9m) Dy'49
(12) Ba»B(Ne», Se)Dy»~
(13) Ba+B(Ne», 6e) Dy»o
(14) Ba'EBB (Ne20, 7n) Dy'49.

determination of Re and p are about 2% and 5%,
respectively.

The observed distributions of radioactivity may be
a,ffected by the following experimental factors: (a)
scattering due to finite ta, rget thickness, (b) diffusion of
recoil ions or a,toms before collection, (c) drift due to
convection currents, and (d) inhomogeneity of the
electric field and its distortion by edge effects (primarily
near the target itself). The field shape for a very similar

arrangement has been discussed in some detail by
Bryde, I.assen, and Poulsen. ' The target mount is the
only appreciable source of bending of the 6eld lines in
the forward or backward directions, and this effect is
shown to be negligible for average ranges of =3 to 6 in.

The magnitude of diHusion and convection eAects is
related to the diffusion coefficient (D) for Dy in Hz and
the average collection time t; D varies inversely with
pressure and can be estimated to be approximately
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1 cm'/sec at 1/2 atm. ' The drift velocity of the ions is

given by
8=DEg/k T, (3)

where E is the field strength, q the ionic charge, k
Boltzmann's constant, and T the absolute ternpera-
ture. The mean-square displacement due to diffusion is
given by

(4)(X')=Dl.

From these expressions we can conclude that if the
recoil ions retain their positive charge until collection,
the collection time t is about 10 4 sec and the diffusion
distance is about 10 ' cm. This would have essentially
no effect on the initial range distribution. Significant
diffusion could occur only if the recoils in the gas were
neutralized for a time greater than =1/4 sec. We have
not measured the collection time directly, but we esti-
mated its effect on the recoil distributions by varying
field strength, gas pressure, and interpolate distance.
The variance 0' of the observed distribution is related
to the collection time by the equations

o'=a +os' and od'=2Dl,

W. Jost, Digscsiom iss Solids, Liquids, Gases (Acatiemic Press
Inc, , N|;w York, 1952),

in which 0„' and 0-~' denote, respectively, the contribu-
tions of the range distribution and of diffusion to the
observed variance. Table I shows the result of several
illustrative experiments. The first four columns give the
experiment number, beam energy, gas pressure, and
potential difference and distance between the plates;
the last columns give the experimental results. Com-
parison of experiments 1 and 2 indicates that the
Gaussian parameters Eo and p do not depend on target
thickness. Also, it is clear from the same experiments
that the short-range tail can be only partially attributed
to scattering in the target layer.

Comparison of experiments 3 and 4 shows that the
values of Rs and p (for ranges of =4 in.) are independent
of the field strength. Similarly, experiments 4 and 5
indicate insensitivity to distance between the plates
for comparable 6eld strengths. And, most revealing of
all, experiments 5 and 6 show that Eo and p are in-
sensitive to pressure. These experiments vary the time
required to collect an ion (average path length divided
by average velocity) by a factor of approximately 9/4.
If diffusion played a, leading role in determining the
measured distribution, then the standard deviation
o(o=Rsp) would increase with increasing collection
time Lsee Eq. (5)). This is certainly not the case. We
conclude that for average ranges of =4 to 6 in. the
standard deviation from diffusion is negligible
((0.1 in. ).

Ranges of about 2 in. do exhibit an instrumental
broadening, as shown by experiments 7 and 8. Although
the standard deviation observed in experiment 7 is only
0.25 in. , the p value is =25% greater than that found

in experiments 3 to 6. We attribute the additional
broadening (=0.05 in. ) to distortion of the electric
field in the region near the target mount. The com-
parison of experiments 7 and 8 shows that the distribu-
tion (for Re=2 in. ) is broadened by an increased
distance between the plates. Even though an instru-
mental broadening was observed in experiment 7, the
small standard deviation of about 1/4 in. provides
additional evidence that diffusion broadening is
negligible if the average range is about 4 in. (o =0.4 in.
in this case, and a 20% diGusion effect would result in
a standard deviation due to diffusion ay=0. 24 in. ,
which is incompa, tible with experiment 7).

The picture of the collection process that emerges
from these experiments is as follows. A recoiling ion is
ejected from the thin target layer and brought to an
epithermal energy in about 10 r sec. Most (40 to 70%)
of the ions either retain their positive charge for the
10 4 sec required for collection or are reionized posi-
tively by the ionizing radiation during the beam pulse
of =3 msec. The collection of neutral atoms is negligible
as shown by inefficient collection on the positive plate.
Diffusion of the recoils leads to a root-mean-square
horizontal displacement of less than 0.1 in. This sets
an upper limit of =0.05 sec, or about 2 beam bursts
for collection. The width of the range distribution, as
characterized by p, is determined by the initial distribu-
tion of recoil velocities and by the statistical nature of
the stopping process. It is not affected by target
thickness or by instrumental sources.

&re =&A a& z/(~ s+~ r)'; (6)

total momentum transfer wa, s assumed. ' '
The range distributions are characterized by the

Gaussian parameters Rs (in units of length and mass
per unit area) and p. The median range and the average
range LEq. (1))never differ by more than a few percent
(column 6). The difference between p and the mean
range fluctuation LEq. (2)) is more significant (column
7). This difference is clearly correlated with the magni-

s L, C. NorthcliHe, Phys. Rev, 120, 1744 (1960).

III. RESULTS AND DISCUSSION

The results of the Tb and Dy stopping experiments
are summarized in Table II. The initial energy of the
Hilac beam was assumed to be 10.38 MeV/amu, and
the range-energy curves of Northcliffe were used to
calcula, te the energy losses in the window, degraders,
and target backing. ' A mass stopping-power ratio of
3.3 (mg Hs/mg Al) was assumed for estimating the
energy loss in the gas between the window and the
target. The error introduced by this assumption is
negligible. The average recoil energies Eg were calcu-
lated from the bombarding energy E& and from the
mass numbers A of the bombarding, target, and recoil
atoms designated, respectively, by the subscripts b, T,
and R.
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TABLE III. Values of the exponent S in Rp=kVI,

Average recoil energy,
Eg (MeV)

6
9

12
15
18
21

1.80
1.71
1.61
1.50
1.38
1.26

tude of the short-range tail discussed above, as shown
in columns 8 through 10, which give the ratios of the
cumulative fractional activities F at Ro—o., Ro—20,
and Ro+2o to the corresponding quantities F0 obtained
from the Gaussian 6ts. As stated above, most of this
tail is due to instrumental effects; therefore, we use the
Gaussian parameters for our analysis. This procedure is
supported by Monte Carlo calculations of the range
distribution caused by the initial velocity spread of the
recoiling ions, according to which the distribution can
be very closely approximated by a Gaussian function. '

A range-energy plot of the results of Table II is given
in Ref. 10. For analyzing the data in terms of the
initial velocity distribution of the recoiling atoms, it is
convenient to represent the range-energy relationship
by the empirical form

Ro ——k Vl,", (7)

in which Vl. denotes the average recoil velocity in
laboratory-system coordinates, and k and E are con-
stants. In practice, it is found that the exponent X
varies slowly with energy, i.e., Eq. (7) gives an adequate
representation of restricted regions of the range-energy
curve. Values of X as a function of the mean recoil
energy were obtained by a least-squares fit of the data
to a second-degree polynomial Ro=+o++iEz++oEz',
followed by logarithmic differentiation of this poly-
nomial. The experiments with an 0"beam resulted in
ranges systematically higher by a few percent than
those obtained with C" or Ne'o beams. In order to
minimize errors due to such systematic differences,
overlapping regions of the curve were fitted separately,
and the values of E thus obtained were averaged. The
results are summarized in Table III. In the middle
portion of the curve (Eg of 6 to 15 MeV) the values are
quite accurate, the probable error being &5%.Towards
both ends of the curve the uncertainties increase to
about +10%.

As pointed out earlier, both the recoil-velocity
distribution and the stopping process are expected to
contribute to the measured range straggling, i.e.,

contributions of the nuclear and stopping processes.
In Ref. 10, we make a detailed comparison of theoretical
predictions with stopping measurements of Dy recoils
in a series of gases from He to Xe. In general, the range
straggling is in agreement with theoretical predictions,
provided the single parameter of the theory is adjusted
in accordance with the range-energy data. This result
for heavier gases justifies the use of theoretical values
of p,' in H2 to correct for the stopping effect. This
correction is actually quite small, as the calculated
values of p

2 are only about 10% of the observed values
of p'.

For isotropic neutron emission, the range straggling
parameter p„ is related to the average total c.m. energy
T„of the emitted neutrons by the equation'

3EoAo(Ao+Ar+A g)'p '

4$'(A o+Ar)'
(9)

A similar relation connects the mean-square recoil
angle (812) (in the laboratory system) to T„:

3EsA o (A o+A r+ A I)'(8r.')

8(A o+ A~)'

If the neutron emission is not isotropic, these relations
are no longer valid. For a given total neutron energy T„,
preferential emission in the forward-backward direction
gives rise to a broadened velocity distribution along the
beam, i.e., enhanced range straggling. At the same time,
the recoil-velocity distribution perpendicular to the
beam is narrowed, and the value of (8Jo) is reduced.
The opposite e6ect would be observed if the neutron
emission were peaked at 90 deg.

Thus, the parameter 0., defined as

n=2p 'iE'(8r, ')

is a measure of the anisotropy of the neutron emission
(n= 1 for isotropic, n) 1 for forward-backward peaking,
and n(1 for 90 deg peaking). The exact calculation of
T„for 0.&1 is dificult, since in this case both the recoil
probability S' and recoil velocity V are functions of
the c.rn. angle 8.

If we ignore the dependence of V on 0, and represent
the angular distribution in the c.m. system by

W(8) =u+b cos'8, (12)

we obtain the following approximate relationships for
the average total neutron energy:

3EoAo(Ao+Ar+A g)'(8r, ') 2+n
T = X

8 (A o+A p)'
p2 p o+p2

where the subscripts e and s denote, respectively, the
3EoAo(At, +Ao+Ap)'p ' 2+n

X
4Ã'(A o+A p)'

(13)

' L. L. Altman, Lawrence Radiation Laboratory {private
communication).

"J.Gilat and J. M. Alexander, following paper, Phys. Rev.
186, 31298 (1964),
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and for the anisotropy, we obtain

&o.(0') —do. (90') b 5(rr —1)

do (90') u 3—cr

The average total photon energy is given by

(15)

where E.=E. +Q is the total available excitation
energy. The values of n measured in this work have
uncertainties of =15%, which correspond to errors of
60% or more in the anisotropy parameter b/a, as deter-
mined by Eq. (14). Therefore, anisotropies deduced
from our measurements of p and (81,')' Is can be used
only qualitatively. Nevertheless, the total neutron
energy T„as given by Eq. (13) is quite insensitive to
uncertainties in the value of u, and the error introduced
by a 15% uncertainty in a will be 5 to 9%.

The anisotropy is determined by the correlation
between the angular momentum J of the compound
nucleus and the orbital angular momentum l of an
evaporated neutron. If J is perpendicular to the beam
and if I and J are completely aligned, then the angular
distribution of each neutron is expected to be propor-
tional to 1/sin8. If J and I are completely uncorrelated
(or decoupled), then the angular distribution of each
neutron is isotropic and, of course, the angular distribu-
tion of the final nucleus (W(8)j is isotropic. For the
highly excited Dy compound systems J))l, and we
expect the situation to be closer to the latter limiting
case.

To illustrate this we shall use the approximate
relationship derived by Ericson and Strutinski" for a
level density proportional to expL —J'/28T$

(16)

where 8 and T are, respectively, the moment of inertia
and the nuclear temperature of the residual nucleus,
and A is Planck's constant. At reasonably high excita-
tion energies, the moment of inertia is expected to be
essentially equal to that of a rigid body. For neutron
emission from a rigid sphere of radius 1.2A'~' F,
Eq. (16) yields a value of =0.2 for fi/a, if (j')=10',
(P)=10, and T=2 MeV.

It is quite likely that in neutron emission the removal
of excitation energy is much more rapid than the
removal of angular momentum. "If there is a scarcity of
low-lying, high spin states, then Eq. (16) is not valid
for the last emitted neutron (or possibly neutrons),
and the angular momentum of this last neutron may
be strongly aligned antiparallel to the angular momen-

» T. Ericson and V. Strutinski, Nucl. Phys. 8, 284 (1958)."Torleif Ericson, 1 he Statistical Model and Nuclear I.eccl
Densities in Advances in Physics, edited by N. F. Mott (Taylor
and Francis, Ltd. , London, 1960), Vol. 9, p. 425.

turn of the emitting nucleus. The resulting angular
distribution may approach the classical limit of 1/sin8.
Detailed knowledge of the level density would be re-
quired for a quantitative prediction of this effect.
However, on the basis of the above considerations one
would expect the angular distribution of the Anal Dy
product to be characterized by b/a&1 or rr&1 3.

This prediction is verified by the values of n in
Table IV for the reactions Nd" (C"xts)Dy'" ~ and
Ce""(0"xts)Dy'" —* with x=5, 6, or 7. These values
of o, are all less than 1.4 and no significant correction
is required for the corresponding values of T„and T~
in Ref. 3. In Table IV the values of a were obtained
from values of E taken from Table III and values of
(81,') from Ref. 3. Within the framework of the analysis
leading to Eq. (13), the values of T„ for the Bu C"
and 0" reactions are uncerta, in by =&15% a,nd the
relative values by about &10%.For the Ce'4s(ots, 7ts)-
Dy"' reaction, the average value of o. actually drops
slightly below 1. This provides an a posteriori justifica-
tion of the assumptions used to derive p„ from the
measured p, since any further corrections would lead to
neutron emission peaked at 90 deg, in marked contra-
diction with theory.

For the very similar reactions of Ne'~ with Ba"' and
Ba"', the values of 0. appear to be significantly higher
(1.2 to 1.7). However, the values of (8z') used are not
based on direct measurements but were estimated from
Eq. (10) and Fig. 5 of Ref. 3. The assumption is made
that the general trends obtained with other reactions
can be extrapolated to Ne" beams and eight or nine
evaporated neutrons. " Therefore these values are less
certain than those obtained from C" and 0"reactions.
Furthermore, for the Ne" reactions, S is derived from
the upper portion of the range-energy curve; it is
therefore subject to considerably larger errors. Also,
the relative importance of small diffusion effects in-
creases with decreasing p, and the energy spread of the
degraded beam (larger for the more highly ionizing Ne"
than for either 0"or C") may also begin to affect these
quite narrow distributions. Thus, the apparent anisot-
ropy could be due to systematic errors in the experi-
mental values of p'. In view of these uncertainties we
have not calculated T„ from the Ne" results.

A surprising result of this study is the large anisotropy
indicated for the reactions Pr"'(C" 4rs)Tb'4s' and
Nd"'(B" Sts)Tb"". Reactions of this type, which lead
to the low-spin member of an isomeric pair, are expected
to proceed selectively from compound states of lower-
than-average spin. Previously reported cross-section
data imply that the particular reactions under study

"A few angular distributions of recoils from the Ba'"(Ne" 7Nl-
DyI4~ and Ba1"(Ne",9n)Dy"fi were measured and found to be
consistent with this assumption; however, due to experimental
difBculties, these measurements had to be carried out with fairly
thick targets, and were not exactly comparable with those of
Ref. 3. Therefore, we cannot consider the assumption to be
veriGed.
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TABLE IV. Comparison of range distributions
with angular distributions.

Z5 (MeV)

Pr151 (C12 4N) Tb1499

57.1
64.1
69.1

Nd"'(B" 895)Tb'"9
89.9
97.5

106.5
Nd'45 (C19,5n) Dy'"

74.5
78.2.
94.8

Nd154 (C12 695)Dy'150

102.4
113.0b

Nd"'(C", 795)Dy"'
94.8

102.4
109 4o

113.08

Ce140 (Q16 595)Dy151

86.4
89.3

100.8
110.6

Ce140 (Q16 695)Dy150

110.6
120.0
133.1

Ce140 (Q16 795)Dy159

110.6
120.0
133.1
145 0'

Ba"'(Ne",Sn) Dy'"
118.6

Ba"' (Ne",695)Dy'"
118.6
142.6

Ba"'(Ne",7e)Dy"
142.6
173.6

Ba"' (Ne",795)Dy"'
119.0
142.6
154.4

Ba"'(Ne",895)Dy'"
154.4
173.6

Ba"' (Ne",995)Dy"'
142.8
154.4
173.5b

Pn 2

0.0188
0.0225
0.0214

0.0323
0.0350
0.0431

0.0157
0.0191'
0.0193

0.0169
0.0189b

0.0155
0.0146
0 0178c
0.0162

0.0080
0.0100
0.0085
0.0090

0.0094
0.0087
0.0087

0.0088
0.0079
0.0078
0 0087'

0.0080

0.0090
0.0076

0.0076
0.0079

0.0096
0.0093
0.0078

0.0082
0.0075

0.0084
0.0075
0.0062

~=28 /2& (28 s)2

18o

1.68

1.9g
1.6g
1.64

1 16
1.3g8

1,35

1.12
i.iP'

1.13
1.0411'
1.0p

1.06
1 29
1.0g
1.06

1.ip
0.95
1.03

0.9g
0.9p
0.9p
1.02'

(1.59)4

(1.6,)d
(1.42)'

(1.66)d

(1.64)'
(1.41)"

(1.4,)d
(1.41)d

(1.4,)4
(1.36)d
(1.2p) d

' Average of three experiments.
b Average of two experiments.
e Average of four experiments.
d Based on extrapolated values of (8rP ).

"J.M. Alexander and G. N. Simonoft, Phys. Rev. 130, 2383
(1963).

select compound states of (J)(7.5.'4 In order to
account for the observed anisotropy, these reactions
must select the rare neutron-evaporation chains in

which all the orbital angular-momentum vectors are
essentially antiparallel to that of the compound system.
For this case of strong correlation, the angular distribu-
tion of the neutrons is given classically as W(8) ~ 1/sing,
which corresponds to u= 2, and the experimental values
are very close to this value. '

At first glance the large anisotropies implied by this
work are difFicult to reconcile with the argument for
the compound systems of low spin presented in Ref. 14.
However, it is certainly possible that the production
of Tb'"g proceeds through compound nuclei of lower
than average spin and still gives rise to much higher
than average neutron anisotropies. If a sizable fraction
of the evaporation chains is accompanied by appreciable
angular-momentum removal (6J)2x), large anisotropy
would result. Such a situation could obtain even for a
collection of compound nuclei with average spin of
about 7.5, provided the collection contains a sufFicient
fraction of all compound nuclei to account for the
observed cross section. (This would correspond to a
rather long tail on curve 8 in Fig. 3 of Ref. 14.) Thus
it would appear that the low-spin product Tb'"'
provides a twofold selection of reactions. (a) First it
selects reactions involving low angular momenta as
inferred from the cross sections in Ref. 14. (b) Second
it selects those particular neutron-emission chains
which are very effective in removing angular momentum
as inferred from the strong forward-backward peaking
of the neutron angular distribution.

Values of 0/a, T„, and T„ for the two reactions
Lobtained from Eqs. (13), (14), and (15)], together
with their respective errors (from experimental sources
only), are tabulated in Table V. Q values were obtained
from Seeger's nuclear-mass tables. "Table V constitutes
a substantial correction to the previously reported
energetics of these reactions. ' The previous work
showed that in Tb'"g reactions values of T„vary only
slowly with bombarding energy and are never greater
than 12 MeV. Values of TT in Dy reactions increase
very rapidly with bombarding energy and in some cases
exceed 30 MeV. The differences between these reactions
are further accentuated by this study. The values in
Table V are only approximate because Eqs. (13) and
(14) ignore the variation of V with f) which must exist

56 I"or W(8) cc1/sin8, Eq. (13) becomes

E5A5(Ar+A5+Aa)'T— —(«2)
2 (A 5+A r) 2

z&w b(a&+a &+a&)2p. '

2(A 5+A,) f51 22
Although this equation is derived from a diBerent angular distri-
bution W (8) than that used for Eq. (13), it yieids the same neutron
energy T as that obtained from Eq. (13) with a=2. Therefore,
our measurements cannot distinguish between the forward-
backward peaking associated with TV(8) =g+b cos28 with b/g =5.0
(corresponding to n=2), and the very strong peaking associated
with the 1/sin8 distribution."P.A. Seeger, Nucl. Phys. 25, 1 (1961).
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TABLE V. Approximate anisotropy and average energies
for reactions leading to Tb"'g.

d4r (0') —da(90')
+Q

(MeV) (MeV) dg (90')
~ 95

(MeV)
Tv

(MeV)

pr141(C12 4N)Tb149g

57.1 5.6
64.1 12.1
69.1 16.7

Nd'49 (8",8N) Tb'4'g

89.9 17.5
97.5 24.6

106.5 32.9

&3.3
4.2
2.6

4.5
2.6
2.4

7.7+1.2
10.3~1.5
11.5~1.7

19.0+2.9
24.3+3.7
34.0~5.1

—2.1~1.2
1.8+1.5
5.2&1,7

—2.5+2.9
0.3~3.7—1.1~5.1

for large anisotropies. These values are useful only to
show that (within this analysis) very little energy is
left for gamma de-excitation to this low-spin ground
state of Tb"'. (In the absence of a kinematic analysis
which includes the dependence of V on 8, a safe attitude
would be that the values of T~ for these reactions are
between zero and those values reported in Ref. 3.) If
the angular distributions are essentially symmetric
about 90 deg as concluded indirectly in Ref. 1, then
almost all the available excitation energy is taken up
by the neutrons, and the total photon energies are very
small. Normally, as in the Dy reactions studied, the
photons play an important role in the deexcitation of
the compound system, presumably in the removal of
angular momentum. Since in this case an unusually
large portion of the angular momentum is taken away
by the neutrons, the nuclei can de-excite without
appreciable y emission.

IV. SUMMARY

This paper concludes a series of experimental studies
of the energetics of neutron and photon emission in the
reactions (C"or 0")+(Nd'4' or Ce'") -+ Dy'"* ~ 5, 6,
or '/95+ Dy151,150, or 149 C12+pr141 ~ Tb1554 ~ Tb149g+4N

and 8"+Nd"'-+ Tb""—+ Tb""+8m. Cross sec-
tions, "' angular distributions, ' average ranges, ' and
range dispersions have been measured. Within the
framework of our analysis we reach the following
conclusions: The average range measurements are con-
sistent with neutron emission essentially symmetric
about 90' in the c.m. system. (This indication can be
subjected to stringent tests by independent range-
energy studies. ) Measurements of angular and range
distributions lead to the determination of the average
total neutron and photon energies (T„and T~). For
reactions leading to the Dy"" compound system,
neutron emission is approximately isotropic and the
average total photon energy is a rapidly increasing
function of excitation energy. In the production of
Tb'499 (low spin) from Tb compound systems, neutron
emission is strongly peaked forward and backward, and
very little energy is dissipated by photons.

These results provide a body of data for delimitation
of nuclear-level density at high energy and angular
momentum. However, a more re6ned calculation of
nuclear evaporation than has been performed to date
would be required for this purpose.

ACKNOW( LEDGMENT

We would like to thank the Hilac operating crew for
their help in the experiments.


