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Analysis of Thick--Target Recoil Studies of High Energy Nuclear Reactions*

N. T. Porile
Department of Chemistry

Purdue University
Lafayette, Indiana

The effect of broad velocity distributions on the vector model analysis

of average projected ranges obtained in thick-target experiments has been ex-

plored.  The Monte Carlo technique was used to construct laboratory velocity

distributions on the basis.of impact (v„) and breakup (V) velocity distri-

butions inferred foom differential recoil studies. A range-velocity relation

for fi ssion products in uranium was constructed   and   used to convert   the   lab -

oratory velocities to average projected ranges.  The latter were then analyzed

by means of enuations based on the vector model to yield values of <VO> and <V>

which could be compared with the respective average vhlues of the input vel-

ocity distributions.

99 103 131
The calculation was performed for Mo  , Pd , and Ba formed in the

high-energy fission of uranium as well as for several simple velocity distri-

butions.  The effects ten4 to be rather small (Q-20%) although in most cases

the vector model analysis does tend to overestimate the value of <V> and under-

estimate  that  of  <1/ >.

*
Supported by the U. S. Atomic Energy Commission



I.   Introduction

The study of high-energy nuclear reactions by means of thick-target aver-

age range measurements has been of great importance 6n the determination of the

mechanism of these reactions.  The technique has been applied to fission, spal-

1-4
lation, and to reactions involving the emission of light fragments. The

analysis of these experiments is based on the ass#mption that the reaction can

be  separated into twoddistinct steps: a prompt knork-cnaascade followed  by  a

slower deexcitation step involving fission, evaporation, or a combination of

these processes.  The first of these steps imparts to the residual nucleus a for-

wardly directed impact velocity, v, which can be decomposed into parallel. (1>/)

and  perpendicular (vi) components with respect  to  the  beam,   and the second,  a

breakup velocity, V, whose angular distribution is symmetric about an axis at

90' to the beam 'direction.

The experimental recoil ranges have usually been analyzed5-7 to yield the

values of v,  and V for a particular reaction. These quantities have then been

used to derive further information about the reaction, such as kinetic and de-

5-7 .
position energies.  The analysis is based on a velocity vector-model and

the use of a particular range-velocity relation for the product of interest.

The  rel ati on

N
R = k V                                 (1)

L

has been commonly used. This expression relates the range of the product, R,

to its velocity in the laboratory frame, VL' by means of the constants k and N.

In addition to the basic assumption of the separability of the laboratory

velocity into components v and V Ahe analysis assumes that v,2 V and that these

t
velocities have unique values.  In the more realistic case where vy and V have

reasonably narrow distributions the analysis determines the average values
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of these quantities, <v4> and <V>.  The particular weighting factors associated

8
with these averages have been discussed by Winsberg.

Recent differential range measurements of high-energy fission products
9

indica6e that, at least for the neutron deficient products, the distribution

of recoil velocities is rather -broad. This fact introduces several pos-

sibly important complications into the analysis of average range data.  First,

it is unreasonable to expect that Eq. (1) will be valid for the same values of

k and N over a broad range of velocities. Since the value of N enters directly

into the analysis, the choice of a constant N to represent a quantity that

is, in fact, a function of VL introduces an unknown source of error in the

values of. v* and V. Second, if the distributions of v,> and V are sufficiently

broad  there  may  be  some  interactions  for which vv,N, even though <VV>   <  <V>.

Third, a broad distribhtion of velocities can lead to -erroneous values of

<V> and <v„> due to the nature of the averaging pracess. For instance, the

ana] sis   of   data for products obeying   Eq.   1   requires the assumption  that

<v> = <VN,1/N  which is generally not valid for broad distributions.  Finally,

in a given interaction there may be a correlation between v* and V whose effect

on the analysis of integral range data remains to be assessed.

The purpose of the present calculation is to determine the effect of broad,

and possibly correlated distributions of v4· and V on the conventional vector-

model analysis of thick-target integral range experiments.  The Monte Carlo

technique is used in conjunction with range-energy data to calculate values.

of the average projected ranges on the basis of assumed disttibutions of v«

and V. These ranges are then treated as "experimental'' values and analyzed

in the conventional way to yield mean values of v* and V. The latter are then
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compared with the input values in order to determine the validity of the con-

ventional analysis.

The calculation has been performed for the case of various products from

the high-energy fission of uranium.  Detailed differential recoil measurements

have been performed in this case and information on the distributions of V

and   v* and their correlation is available. 9 The results, however, are quali-

tatively applicable to other reactions for which the velocity distributions may

27               10                        149
be broad, such as the Al  (p,3pn) reaction   and the production of Tb from

11
heavy elements. In addition, calculations have been performed for a number

of simple velocity distributions in order to unravel the combined effects of

the various factors mentioned above.

The method used in this calculation is outlined in Section II and the re-

sults are presented and discussed in Section III.

II. Method of Calculation

A. The Monte Carlo Calculation

99 103 131
The calculation was performed for Mo  , Pd , and Ba formed in the

interaction of uranium with 2.2 GeV protons.  The distribution of V values was
0

obtained from the differential measurements by Crespo et al.   Several of                    I

these distributions are shown in Fig. 1.

Little is known about the distribution  of v/,· values.      Even the differential

experiments only yield the average values of this quantityl  Monte Carlo

cascade calculations suggest that a fairly broad range of vq is associated with

12,13
a partiqular value of the deposition energy and hence With a specific reaction.

The present calculation has been performed for unique values of v,, rectangular
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distributions of v and for values of v„ correlated with those of V for the
I/,

iteration in question. The average values   of  v« were taken   from the differen-

9tial recoil studies.

The calculation was programmed for the Purd#e CDC 6500 computer and proceed-

ed in the following fashion.  The spectra of breakup velocities were stored

in the form of cumulative probability disttibutions and, for a given iteration,

a random number was used to select a particular value of V by the eouation

V =  (N)-V(N-1)    SPV(M)-R / PV(N)-SPV(N-]: .               (2)

Here V(N-1) and V(N) are two consecutive entries in the table of V values and

SPV(N-1) and SPV(N) are their respective cumulative probabilities.  The ch6ice

of a particular V(N) is dictated by the condition that

SPV(N-1) 1 RN < SPV(N)                        (3)

where RN is a random number between 0 and 1.

The direction of V relative to the beam axis was determined by random

choice of the cosine of the emission angle between -1 and +1, corresponding to

isotroric emission in the moving system.

The value of vy for the iteration in question was either the unique input

value, a value chosen randomly  from a rectangular distribution  of  v,/,   or a value

correlated  with the particular choice   of  V,   v*  =   kV ,         The   correlation   exponent

n was obtained from the differential experiments  and the constant k was chosen

to.maintain the correct relationship between
<v4>    and    <V>,

k = <v*>/<V>n                             (4)

The velocity of the recoil product in the laboratory system, VL' was obtained

from the vectorial addition of v and V. It was assumed that the transverse
4/

component of the impact velocity, vi, was·equal to zero.

B.   RanBe-Velocity Relation

The velocity of the fragment in the laboratory frame was converted to its
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range in uranium by means of an appropriate range-velocity relation.

The relation used in this calculation was based on the energy loss measure-

ments   of   Br   and   I    ions   in   UF4 by Bridwell and Moak. These workers cor-
14

related their data by means of the following relation valid foF Br and I in

uranium over the energy range of 10-100 MeV:

R(VL)-R(X MeV) = A2Z2  _0.0685 Zll/2 vL-0.182 mg/cm (5)
-1/2  i                           2

where X is approximately 10 MeV and is obtained by setting the quantity in

brackets equal to zero, A2 and Z2 are the mass and atomic numbers of the

1/2
stopping medium, Zl:is that of the recoil, and VL is expressed in (MeV/amu)

The above relation  has an unspecified constant, namely the range  of  a,10

MeV recoil.  This quantity was determined by adjusting the calculated ranges

to fit the experimental average ranges in uranium of various products from

15
the fission of uranium by thermal neutrons as measured by Niday . In order

to perform this calculation it was first necessary to determine the most probable

nuclear charge and kinetic energy of the products arising from thermal neutron

16-19
fission.  The values of Zp were obtained from various published reports.

The kinetic energies of the primary products were obtained from the study by

20
Schmitt et al. and a correction for neutron emission from the primary frag-

21
ments was applied on the basis of the neutron measurements by Appalin etal.

The results of this calculation are summarized in Table I. It is seen

that the ranges  of  110 MeV products, obtained  as the difference between  the

experimental ranges and the values based on Eq. (5) do not uniformly show the

expected inverse dependence on mass.  The observed fluctudtions are a measure

of the uncertainties inherent in the direct application of Eq. (5) to a variety
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of fission products, the choice of kinetic energy values, and the use of a sin-

gle Z  value to average over the actual charge distribution.  The adjustment

of the constant to fit the measured ranges should put Eq. (5) on a reasonablf

sound basis for the analysis of the high-energy data.

In order to apply this relation to the fragments of interest it was neces-

sary to determine the effective nuclear charge with which they are produced at

22-24
GeV energies.  This infotmation was obtained from charge dispersion measurements

and is summarized in Table  I. The ranges  of 1-10 MeV fragments were interpolated

from the values derived for the thermal neutron fission products.  The ranges

were then obtained by means   of   E q. (5) . For energi es below 9,10   MeV   a   linear

range-energy relation was assumed, R = kE, with the proportionality constant

adjusted to fit the listed ranges of' 10 MeV fragments.  This is a highly

approximate procedure since the 10 MeV fragment ranges bear the entire uncertainty

inherent in the use of Eq. 5. It is nonetheless considered to be satisfactory

in view of the fact that the probability of emitting fragments with such low

energies is small.

The ranges obtained in this fashion from the calculated FL values are

directed at an angle 0L with respect to the beam axis.  In order to duplicate

the results of thick-target recoil studies the calculated ranges were projected

along this axis.  For a single iteration the ranges projected at 0' and 180'

25
to the beam axis, denoted by fW and bW, respectively, are given by the relations:

fW = R cos
eL 0 i eL f H/2 (6)

=0 H/2 < eL i H

bW = 0
0 < eL < H/2             (7)

,  =      R   cos eL  H/2 1 eL 1 H

.
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The average projected ranges, FW and BW, are obtained by averaging the indivi-

dual values over all N iterations performed:

FW =lE fA                      (8)NN
A..similar equation defines BW.

C.   Vector-Model Analysis

The values of FW and BW were usually obtained on the basis of 50,000 iter-

ations. These values   were then treated as "experimental" quant ities and analyzed

to yield the values of <v*> and <V>.  The analysis was performed by means of

7
the equations derived by Sugarman:

2W( F    +   B)    =   Ro   1   +    n2    (N   +    1) 2/1                                                                (9)4

W(F - B) = Ron*(N + 2)/3 (10)

The quantity n,jis defined as r14
=

v* /V   and the range,   Ro,    is   that   of  the   frag-

ment in the moving frame, i.e., corresponding to the velocity V. In these equ-

ations N is the range-velocity exponent defined in Eq. 1.  The desired values

of N for the various fission products were determined by fitting Eq. (1) to

the range-energy relation given by Eq. (5) in the vicinity of the mean breakup

velocity of the fragment, <V>.  These values of N are summarized in Table I.

It should be stated that the above equations neglect higher order terms in an

expansion and so are only strictly valid when n<<1 for each interaction.

The analysis thus involves solving Eqs. 9 and 10 for R  and n//, obtaining

V  from R  by means  of  Eq.  1,  and  then v,  from the  relation  v4 = n,7 · Keeping

in the spirit  of the model,  it  is t hen assumed that these values  of V  and  v„

are in fact the true average values of these quantities, <V> and <v4>.
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It should be noted that Eqs. 9 and 10 assume that the emission pf fragments

is isotnopic in the moving frame and that vi = 0·  These assumptions are con-

sistent with the model on whose basis the projected ranges were calcula6ed.

Since the effects of anistropy and of vl on the calculated values of <V> and

<v4 >  are  known  to  be very small, these parameters and their possible distribu-

tions and correlations were not included in the model used in this analysis.

III. Results

A.   Analysis of High=Energy Fission Data

The results of the calculation are summarized in Table II. Listed for

each product are the input values of the mean velocities,
<v', > i    and    <V>i,

a brief statement concerning the distributions of v, and V, the palues of

2W(F+B) and W(F-B) obtained from the Monte Carlo calculation, the mean values

o f the velocities obtained  by  use  of  Eqs.   9  and 10, <ve>o  and  <V>o,  and  the

percentage difference between the output and input vel8cities, discussed in

more detail below.

The first entry for each product is the. result of a calculation in which

unique input values of v  and V, equal to the average values of the respective

distributions, <vi;,  and <V>., were used.
This calculation served several pur-

1

poses.  For unique values of v  and V the conventional analysis is exact and

so the output values of v* and V should be identical to the corresponding input

values for a sufficiently large number of iterations. This particular calcu-

lation thus serves as an overall check on the method.  The analysis of the 2.2 GeV

data shows that, on the average, the values of V  agree to within 0.2% with the

values of Vi while the v.alues of voi and v   agree to within 2%.  This agreement40
  5
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is consistent with the statistical uncertainty expected for 50,000 iterations.

131The discrepancy is somewhat larger for Ba .  at 6 GeV because the assumntion

that   no<<1   is   no longer strictly valid.

The . use  of  the .vatious velocity distributions often. led to differences

between the input and output velocities that were of comparable magnitude to

the statistical uncertainty.  The calculation with uni4ue input velocities made

a reduction of this uncertainty possible.  This imprevement was accomplished

by the use of identical random number sequencea far,all chlculations involving

A $articular product.  In those computations whdre f&wer random numbers were

required, additional ones were generated but no£ useA at tha dfpropriate steps

ih the program.  This procedure insured the congruence of the random numbers

used at equivalent steps in the various computations.  In order to take advantage

of this increase in relative accuracy the output values of <v > and <V> were in

all cases compared with the corresponding output values of the calculation with

unique values of v, . and Vi instead of with the actual input velocities. The
/1

t differences between these values are summarized in Columns 10 and 11 of Table II.

This procedure also reduced the error inherent in the use of the vector-model

equations in situations where the condition n4<<1 is no longer met.

99
The first set of entries in Table II refers to Mo  .  The svectrum of V

values shown in Fig. 1 indicates that in this case there is no overlap between

the v and V distributions.  It is seen that the conventional analysis predicts

<V>o  values   that   are in virtually perfect agreement   with   <V> i .      On the other

hand the values of <v >  are some 2.5% larger than the input values irrespective4  0
of whether the latter are unique, uniformly distributed over a range of values,

or correlated with V.
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The next set of entries is for Pd .  The distribution of breakup velo-
103

99       131
cities is intermediate to those of Mo and Ba and the ovetiap between

v„and the V spectrum is less than 1%. The analysis of the calculated projected

ranges on the basis of the vector model now underestimates the value of <V//>

by about 1%, again irrespective of the details of the v» distribution.  On

the other hand the analysis overestimates the values of <V> by approximately

9.5%.

131
The distribution of V values for Ba is fairly broad and extends to values

corresponding to energies well below 10 MeV.  The input value of v„ is in this

case larger than about 1% of the V values.  The results in Table II indicate

that the vector model underestimates the value of <vg> by 4-5% and overestimates

that   of  L V > by   just   over   1%.
131

Also included in Table II are some entites for Ba for bombarding energies

in the neighborhood of 6 GeV and above.  It is believed that at these energies

the spectrum of breakup velocities will be considerably broader than at 2 AeV

and may look approximately like the dashed curve in Fig. 1.  The basis of

26                             131
this expectation is the recent finding that the average range of Ba decreades

by about 30% between 2 and 6 GeV.  Crespo et al  have decomposed their spectrum

of breakup velocities into a low-velocity component associated  with spallation

and a higher velocity component due to fission.  The spectrum shown in Fig. 1
7

131
dor Ba formed at 6 GeV results from the assumption that the decrease in

range between 2 and 6 GeV is ascribable to an increase in the relative contri-

bution from spallation.  The resultant spectrum is then obtained by combining

the spallatton and fission spectra for 2 GeV protons in the correct proportions,
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two to one, to yield a mean velocity corresponding to the experimental aver-

age range at 6 Gev.

In performing this calculation it was somewhat arbitrarily assumed that               j

<v/,> increases by a factor of two between 2 and 6 GeV, a --lue that is not

unreasonable if the relation between <v*> and the average deposition energy

12
obtained at lower energies continues to hold at 6 GeV. It is seen that the

discrepancy between the velocity values obtained from the vector model analysis

and the actual average input values is now quite substantial. The value of <v*>

is underestimated by some 23% while <V> is overestimated by 3-5%.  As before

there is little difference between a unique value of v. and a reasonable range'1

of equiprobable values.

It may be concluded from these results that in mest instances the conven-

tional analysis of thick-target recoil data yields values of <v*> and <V>

that agree to within a few percent with the actual average values of these quan-

131
tities. The only sizeable effect occurs in the case of Ba at 6 GeV where

the distribution of breakup velocities is very broad, spans a region where the

functional form of the range-energy relation changes, and 6verlaps v,g to a

significant extent.  As indicated above, even in this case the discrepancy is

a moderate 20%.

It should be stated that the approximate talidity of the vector-model

analysis of thick target recoil data implied by the present calculation refers

only to the values of <v*> and <V>.  The subsequent use of <V4> to obtain the

average deposition energy depends on considerations outside the scope of the

present calculation.  Some comments can be made about the use of <V> to obtain



12

2the average kinetic energy of the fission fragments by the relation <T>=44<V> .

22
This procedure requires that 1V>  = <V > which is in error when the V distri-

22
bution is broad.  For instance, the use of <V>  instead of <V > underestimates

the kinetic energy of Mo at 2.2 GeV by just over 1% and that of Ba at the
99                                          131

same bombarding energy by about 10%.  However, since the calculation overestimates

<V>  in the first place,·  the net effect  on the kinetic energy is smaller than

indicated.

B.   Results for Simple Velocity Distributions

In order to obtain further insight into the individual effect of the var-

ious factors affecting the analysis of thick target recoil data a number of

calculations designed to isolate these effects were performed.  All the calcu-

lations were done for a Cragment with A = 100 using unique values of v* and
4

rectangular distributions of V with a mean value of 1.0 (MeV/amu)».

The effect of an overlap between v*land V is shown in Fig. 2.  The V dis-

3-
tribution was assumed to be uniform between 0 and 2 (MeV/amu)2 and the percen-

tage overlap is defined as (vg/2.0) x 100.  The calculation was performed for

several range-velocity relations.  The calculation for R = kVL with <V> ob-

tained from the conventional analysis with N=1 gives the clearest evidence on

the   effect   of an overlap between   v»   and   V   since   in   this   case the vector model

equations are exact and valid  up  to  4/  =  1.     It  is  seen  that the conventional

analysis increasingly overestimates <V> as the overlap increases.  On the

other hand, the overlap has virtually no effect on the value of <v >.
#/

Also shown in Fig. 2 are curves based on R = kV l' 5 and R = kVL- 8
(i.e. Eq. 5) for the Monte Carlo calculations and a vector model analysis em-

ploying the relation <V> = (<R >/k) .  It can be seen that in both instances
1/1.5
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the vector model overestimates <V> and also underestimates <vg>. It should

be noted, however, that in these cases there are factors besides the overlap

effect contributing to the discrepancy.  This can be seen from the fact that

<V, /<V,  is already larger than unity even when there is no overlap.

The additional factor affecting the calculation for R = kVL1.5 is the

effect of the averaging process on the calculation of the mean range and the

subseqnent evaluation of <V>.  The averaging process leads to correct results

provided that <V> = <v .  This is not the case when N 0 1 and the distri-..N,1/N

bution is broad.  The effect of this factor is shown in Fig. 3 where the ratio

of average output to input velocities is plotted as a function of AV/<V>.  As

before a rectangular distribution whose width is AV, having a mean value

Ji
<V> = 1.0 (MeV/amu) , was assumed.  The ratio of calculated to input <V>

values shows the expected increase both with the width of the V distribution

and the value of N.  The effect of the averaging process on the value of <VO>

is smaller and <vq>0/<Ve>i is seen to be slightly larger than unity for moderate-

ly wide V distributions and to decrease below unity for the broadest distri-

butiohs.

The calculation in which the vector model is used to analyze ranges that

cannot be described   by the relation   R   =    kV ,N   over a broad range    of V  values

is subject to the error inherent in this approximation.  The magnitude of this

effect is shown in Fig. 3 for a calculation in which the ranges were obtained

from the laboratory velocities by means of Eq. 5 and then analyzed in the con-

ventional way with N = 1.5.  It is seen that this procedure has a negligible

effect on the value of <V> but leads to a substantial underestimation of <V7 >

in the case of broad velocity distributions.
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The effect of correlations between v* add V was investigated for rectan-

gular distributions of V, with v* being obtained for a given iteration as

v4 = kVn.  The effect of this correlation was investigated for n values ranging

from -3 to +3. It was found in all cases that the effects of the correlation

on <v > and <V> were negligible.
11

In   summary,   the   use   of some simple veloc ity disttibiltions   shows that there

are a number of factors affecting the values of <V> and <v > obtained by theit

vector-model analysis of thick-target recoil data. If the distribution of

velocities is broad the analysis, may overestimate  <V>.· The principal factors

contributing to this effect are the overlap between v  and V and the difference
#,

between <V> and <v > when the range-velocity exponent, N, is not unity.
„N   1/N

Under '  the same conditions, the analysis underestimates the value  of  <v>  both

because of the overlap between v* and V and the use of a range-velocity rel-

ation outside of its region of validity.  These conclusions are in general

agreement with the results obtained with the more realistic velocity distributions

for high-energy fission fragments.  However, the principal conclusion of our

calculation is that in most realistic situations these effects are small. Only

in  the most Snfavorable cases, corresponding to neutron deficient products

formed at bombarding energies above 4-6 GeV, do the errors beoome as large as

i 25% The validity of the analysis of thick-target recoil data of high-energy

nuclear reactions proceeding via a two-step mechanism is thereby confirmed.

1 The author would like to acknowledge a number of stimulating discussions

with Dr. J. B. Cumming and Professor N. Sugarman.  Dr. Cumming kindly made

available the velocity spectra for hikh-energy fission fragments.
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Table I

Range-Energy Data for Products from the Fission of Uranium -

Average
Observed Kinetic Range in
Product       Zpc Energye Uranium R-R(XMeV)    R(XMeVi    X      N

f                       ·h          j

(MeV) (mg/cm2) (mg/cm2) (mg/cmd) (MeV)

a  77As 30.60 98.8 12.3 10.60 1.70 8.9

Sr 35.37 100.6 11.05 10.68 0.37 8.9
89

Zr 39.14 100.4 10.84 10.78 0.06 8:897

Ru 41.42 99.3 10.72 10.67 0.05 8.8103

111
Ag 43.98 81.1 .9.38 9.11 0.27 8.9

Sb 49.5 79.8 9.30 8.89 0.41 9.1
127

132
Te 51.07 79.0 9.35 8.77 0.58 9.1

140
Ba 54.39 68.1 8.50 7.85 0.65 9.1

153Sm 60.1 50.5 7.21 5.19 1.04 9.0

b  99             dMo 40.6 0.051 7.8 1.50

Pd 46.7 0.34 1.44103 8.6

131
Ba 57.1 0.88 8.1 1.58

1.97k

a.  Thermal neutron fission,
b.  High-energy fission.
c.  Based on refs. 16-19,
d.  Based on refs. 22-24.
e.  Based on refs. 20 and 21,
f.  From reference 15.
g.  CalculAted by Eq. 5.
h.  Difference between columns 4 and 5.
i.  Interpolated from thermal neutron data.
j.  Constant in range-velocity relation, Eqs. 9 and 10.
k.  For analysis of 6 GeV results.

\                                                                                  1
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Table II

Results of Monte Warlo and Vector-Model Calculations

Distribution Distribution
Product

<vo>i A '/1              1                   1                                                            0
of-/.. <V>. of V. 2W(F+B) W(F-B) <V,/ 0

<V>

(MeV/emu) (MeV/amu)4 (mg/cm2) (mg/cm2) (MeV/amu)4    (MeVIantu)4

Mo 0.05 unique value 1.241 unique value 8.988 0.4141 0.0490 1.240
99

0.05 unique vague 1.241 from ref. 9 8.993 0.4236 0.0502 1.241

0.05
0-Ev// iso.

lb 1.241 from ref. 9 9.001
-

0.4240 0.0503 1.241

0.05 vui =
kv 1.241 from ref. 9 8.993 0.4236 0.0503 1.241

-0.25C
i

103Pd 0.101 unique value 0.994 unique value 7.460 0.8837 O.1040 0.9922

0.101 unique value 0.994 from ref. 9 7.509 0.8753 0.1029 0.9959

0.101 0<V <C.202 0.994 from ref. 9 7.549 0.8755 0.1027 0.9995- iii:.-
-0.250.101

v„i =kV. O.994 from ref. 9 7.515 0.8752 0.1028 0.99641

131
Ba 0.08 unique value 0.724 unique value 5.758 0.7543 O.0810 0.7222

0.08 unique value 0.724 from ref. 9 5.852 0.7268 0.0774 0.7304

0.08 0<v .<0.16 0.724 from ref. 9 5.891 0.7275 0.0773 0.7334.-/// 1- -

O.08         v   = ki.
'

0.724 from ref. 9 5.863 0.7249 0.0771 0.7313
-0 25

i      1

Ba 0.16 unique value 0.526 unique value 3.651 1.3139 0.1742 0.5090
13la

0.16 unique value 0·526 see Fig. 1 3.527 1.0483 0.1346 0.5227

0.16
 lvni<0.32 0.526 see Fig. 1 3.705 1.0774 0.1342 0.5366

131a.    entries..for.  Ba_        at,  6..GeV...   ...  b..,.rectangular...distribution.,ef..:v:*i -':,·-.,   c....,Vl"'.correlated··with··Vi.«.'.. \-,>«':·-.2 ",-"
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Figures

Figure 1 - Distribution of breakup velocities for products from the 2.2

9      '. 99 131 Ba131GeV proton fission of uranium. I. -  . 10 ; ·- Ba        : --- at 6 GeV.

Figure 2-Effect of overlap between v,/ and the V distribution on the values

of  <v,p    ( closed symbols)   and   <V>    ( open symbols) calculated  by the vector-

model equations.  0 - based on R = kV  and <V> = <Ro>/k. 0 - based on R = kV -8

and <V> = (<R >/k)1/1.5;   8 - based on R = kVI,l.5 and <V> = (<R >/k)1/1.5.

Figure 3 - Dependence of calculated values of <V'> C closed symbols) and <V>

(open symbols) on the width of the V distribution for various range-velocitfe

1/1 5 1.5
relations.  8- based.on RL =. kVL -8  and <V> = (<R >/k)   ' ;  0-R= kVL

and <V> = (<R >/k)1/1.5;  0-R= kVL2 and <V> = (:<Ro>/k)
1/2

J
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