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ABSTRACT

Various properties of UZ'35 fission fragments were studied with a
high resolution magnetic spectrograph. The equilibrium charge of
fragments in gas were studied as a function of fragment velocity, gas
pressure, and type of gas. The mean radioactive lifetime of excited
ionized fission fragments was determined. A thin CsI(Tl) crystal was
successfully used to detect the fragments in a high background of gamma
and beta radiation; the scintillation response of the crystal to fission
fragments was studied. No saturation was observed. Energyvs
range curves were obtained for median light and heavy fission fragments
in HZ’ He, air, A, Al, Ni, and Au. The long range particles from
fission of UZ'35 were verified to be alpha particles; the energy
distribution of the particles was determined with high resolution, and
no fine structure was found. The capabilities of a magnetic fission-
fragment mass separator were studied. This study yielded a measure
of the nuclear charge distribution of fission fragments of a given

mass.
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INTRODUCTION

Since the discovery of the phenomenon of nuclear fission by Hahn
and Strassman in 1938 the properties of fission fragments have been
the subject of many investigations. In his review article on nuclear
fission, Turner (1940) showed that fission products played an impor-
tant role in the experiments which led to the discovery of fission. In
addition to serving as a source of information about the process, the
fission fragments are a unique source of high speed ions of large charge
and mass. The phenomena connected with the penetration of these
particles through matter are an important source of information about
atomic processes,

The term '"fission' implies a number of associated processes.
The most common of these is binary fission in which the nucleus di-
vides into two fragments of comparable size. These fragments have
mass numbers ranging from about 70 to 170, nuclear charges ranging
from 30 to 60, and initial velocities of the order of magnitude of
109 cm/sec., In a minority of cases, nuclei of low atomic weight are
emitted at the instant of fission in addition to the main fragments.
Very rare processes have been reported in which the nucleus divides
into three or more fragments of comparable size (Whitehouse, 1952),

Due to the high initial velocities, nuclei of the primary fission
fragments are unable to carry a sufficient number of electrons to form
neutral atoms. The fragments are thus ions with charges determined
by their velocities and the medium in which they are moving. Initially
the fragments have charges ranging from about 15 to 25 electron
charges and are thus well suited to study by magnetic analysis.

Magnetic analysis of fission fragments was employed by Lassen
at the Institute of Theoretical Physics, University of Copenhagen,
Denmark. In the experimental arrangement used by Lassen, fission
was achieved by bombarding a uranium foil with neutrons emitted
from a beryllium target which in turn was bombarded with deuterons

in a cyclotron. Some of the fission fragments would move through the



magnetic field of the cyclotron and enter an ionization chamber,
located about 20 cm away, which detected them. Analysis of the
fragments was achieved by moving a narrow slit across the paths of
the fragments so as to vary the curvature of the allowed path from the
source to the window of the ionization chamber.

Measurements were made by Lassen (19453"b

» 1950) to determine
the charges of fission fragments in gases and in vacuum after the frag-
ments passed through thin metallic foils. Estimates of electron-
capture cross sections of fission fragments in gases were made from
‘data that were obtained.

Under the direction of Dr. Bernard L. Cohen a high resolution
system for magnetic analysis of fission fragments from pile neutron
fission of uranium-235 was build and installed in the Oak Ridge National
Laboratory Graphite Reactor. The energy distribution of fission frag-
ments of mass 97 was determined by Cohen, Cohen, and Coley (1956)
from data obtained with this apparatus.

The purpose of this thesis is to report the results of some fission
fragment studies by the author. The studies include the following
items:

1. Equilibrium charges of light and heavy fission fragments
as functions of fragment velocity, gas pressure, and type
of gas.

2. Response of CsI(Tl) crystals to fission fragments.

Energy vs range in various materials for fission
fragments.

4. Mgggletic analysis of long range particles from fission of
U .
5. A fission fragment mass separator and the nuclear charge
distribution of single mass fission fragments.

The fission fragment spectrograph developed by Cohen at Oak

Ridge National Laboratory was used for these studies.



CHAPTER 1

DESCRIPTION OF APPARATUS AND EXPERIMENTAL PROCEDURES

1.1 Magnetic Wedge Spectrograph

A photograph of the magnetic wedge spectrograph used for these
studies is shown in Fig. 1. It consists of a 40~degree single focusing
wedge magnet, entrance arm, and exit arm. The magnet is installed
just outside the shield wall of the Oak Ridge National Laboratory
Graphite Reactor. The entrance arm is a 16-ft aluminum tube 31/2 in.
in diameter situated in a reactor hole with its far end near the center
of the reactor core. A 150-pg /cm2 plating of uranium-235 on a nickel
surface 1 in. wide and 2 1/2 in. high is mounted in the end of the tube.
A flux of 5 x 10ll neutrons /cmz-sec is available at the end for irradia-
tion of the uranium. Fission fragments are thus produced at a rate of
approximately 109 per second of which about one in 105 is emitted in
the right direction to travel down the tube and enter the deflection
chamber. The fragments whose radii of curvature in the magnetic field
is between 96.2 and 104.3 cm are focused at the focal plane which is
six ft beyond the magnet. The path length of the fragments through the
magnetic field is about 69 cm.

The fragments enter and leave the deflection chamber at normal
incidence to the magnet edge and thus are not focused in the vertical
direction. The beam is defined by l-in. high slits at the entrance and
exit of the deflection chamber. At the focal plane the beam is about
2 1/4 in, high. '

Protection against s’cattering from the wall of the 16-~ft entrance
arm is achieved by four approximately equally spaced diaphrams of
2 1/4 in, inside diameter. The diaphrams are of 0,001-in. aluminum
foil which is opaque to fission fragments and thin enough to avoid edge

scattering problems.







A 0.1-millicurie plating of Poz'10 on Pt, l-in. high and 1/16-in,
wide is installed beside the U235 source. The Po alphas were used
for alignment purposes when the system was installed at the reactor
and for numerous energy calibrations during the experiments.

The magnet is powered by a 15-kw Amplidyne motor-generator
set. The current in the magnet coils is maintained at a desired value
by an electronic circuit which maintains a balance between the po-
tential difference across a shunt in the magnet circuit and that across
a potentiometer that is connected across a dry cell battery. Drift in
the magnetic field is kept below 0.1% by maintaining temperature con-
trol at the current regulator. The field coils are cooled by circu-
lating water through copper tubes that are welded to the copper bars of
which the coils are constructed. The magnetic field can be maintained
at any desired value up to approximately 11, 000 gauss. The field is
measured by a Varian Associates Nuclear Fluxmeter which utilizes
the proton magnetic moment. The accuracy of the measurement is
approximately 0. 05%.

The vacuum system includes a well-baffled 300-liter/sec oil
diffusion pump backed by a 110-liter/min mechanical pump.

For most of the measurements made in these studies the diffusion
pump was not used during a run but was used to evacuate the system.
before admitting the desired gas unless air was being used for the run.
The vacuum system is capable of maintaining a vacuum of approxi-
mately 10—5 mm Hg as measured by a triode-type ionization. gauge
which is used to measure pressures below 0. 001 mm Hg. Pressures
from 0. 001 to 6 mm Hg are measured with a McLeod gauge; higher
pPressures are measured Yvith a U-tube manometer.

The data for these studies were obtained with various gases in
the system. Gases are bled into the system through a needle valve,
and the desired pressure is achieved as a dynamic equilibrium be-
tween bleed-in and pump-out. In some' of the experiments it is desir-

able to fill only the deflection chamber with gas in order that higher




pressures may be maintained without stopping the fragments. Here-
after this will be referred to as using ''gas in the magnet' as opposed
to ''gas in the system' when the entire vacuum system is filled with
gas.

Provision for using gas in the magnet was accomplished by
mounting 100-pg /cm2 Formvar windows* between the deflection
chamber and the entrance and exit arms. A separate pump is provided
to establish the dynamic equilibrium with gas bled into the deflection
chamber, while the regular pumping system evacuates the entrance
and exit arms, which are connected by rubber hose. The pressure
in the magnet is measured with U-tube manometers leading to each
side of the windows.

Radiation shielding is required for working with the system as
it is installed at the reactor. A l-ton beam catcher is located beyond
the magnet in line with the reactor hole. Other shielding includes
700 1b paraffin, 2000 1b lead bricks, 25 ft2 cadmium sheet and a
thirty-gal water tank which surrounds the exit arm. At the focal plane,
radiation levels of gamma rays and neutrons are approximately at

maximum permissible levels for 40 hr/wk exposure.

o

* The windows were made of Formvar films which were peeled
off a glass plate that had been dipped into a solution of Formvar and
chloroform. The thickness of individual films was approximately
33 pg/cm?2 as determined by weighing a large film. To eliminate the
problem of pin holes three films were stacked to make a laminated
film. This film was dried under a heat lamp and in a vacuum des-
iccator -before it was attached to the window frame with rubber
cement. Since the windows were several square inches in area the
films were supported by 50% transparent nickel grids. A test before
the windows were installed showed that they can support a pressure of
20 cm Hg or more. The windows were built with the cooperative
assistance of Dr., B. H. Kettelle of the Chemistry Division of
Oak Ridge National Laboratory.



1.2 Mass Identification Studies

Studies of fission fragments of a particular mass are achieved
by collecting the fragments arriving at the focal plane on a 0. 001-in,
aluminum foil for several hours after which the foil is removed and
cut into strips, each strip corresponding to a given range of Hp , the
product of the magnetic field H and the radius of curvature P . The
strips are then processed radiochemically for the desired fission
product and the resulting activity is measured with end-window geiger
counters. The activities are counted for several hours with a sepa-
rate counter for each of the 10 specimens obtained in a run, Automatic
recording of the counts is achieved with an Esterline Angus Operation
Recorder making pen marks corresponding to register counts and
the chart drive providing the time scale,

Corrections are applied to the measured activities before the
Hp distribution is obtained. Corrections are made for decay while
the fragments are being collected on the aluminum foil and for decay
while the foils are being radiochemically processed. The strips into
which the foils are cut are weighed and corrections for variation in
area are made. Chemical yields are weighed and normalized to
100% yield of the carrier that is added after the films are dissolved.
The counters used to measure the activities are cross-calibrated with
a phosporus-32 beta source at frequent intervals. Background counts

of at least three-hr duration are obtained almost daily.

1.3 Studies by Scintillation Detection

While the radiochemical method is extremely accurate the rate
of data accumulation is very low. For studies that do not require the
extreme accuracy and mass identification, the rate of data accumu-
lation is greatly increased by scintillation detection of the fission
fragments,

A CsI(Tl) crystal was selected for scintillation counting of the
fission fragments because of its non-deliquescent properties. The

l1-in, diameter crystal was cemented to a Lucite light pipe which



passed through a flange that was mounted on the face plate at the
focal plane. R-313 cement, a product of the Carl H. Biggs Company
of Los Angeles, California, was used. After the crystal was ce-
mented to the light pipe it was machined to a thickness of 0. 003 in,
This is thick enough to stop all fission fragments except the long
range alpha particles and is thin enough to eliminate detection of
much of the background of gamma and beta rays.

A Dumont 6292 photomultiplier tube was taped to the outside
end of the Lucite light pipe with Dow Corning stopcock grease making
contact between the two. The electrical pulses resulting from the
arrival of fission fragments at the crystal were amplified by an
Oak Ridge National Laboratory Instrument Department DD-2 Linear
Amplifier, analyzed by Atomic Instrument Model 510 Single Channel
Pulse Height Analyzers, and counted by Atomic Instrument Company
Model 162 Glow Transfer Counters. Most of the data were taken with
one single channel analyzer in use but other data were taken with three
in parallel. Prior to use they were checked for linearity and cross-
calibrated with a NaI(Tl) crystal and gamma rays from Zn65, Coéo,
and Csl37. These calibrations were done during a reactor shutdown
to izrisoure against background problems. The pulse height of the
Po

to normalize the data when changes in the crystal mounting were

alphas was measured frequently to check for counter drift and

made. The photomultiplier tube was operated at a positive potential
of 920 volts which was supplied by an Atomic Instrument Company
Model 312 Super Stable High Voltage Power Supply.



CHAPTER 2

EQUILIBRIUM CHARGES OF FISSION FRAGMENTS IN GASES AS
FUNCTIONS OF VELOCITY, GAS PRESSURE, AND TYPE OF GAS

2.1 Introduction

The phenomena associated with the penetration of high speed
particles through matter are a most important source of information
about atomic processes. Nuclear fission provides a unique source of
high speed ions of large charge and mass, the study of which reveals
many interesting features, especially regarding the capture and loss of
electrons by such ions.

Bohr (1940) estimated the charge of a heavy ion in a medium by
assuming it to be stripped of all orbital electrons which have velocities
smaller in magnitude than the translational velocity of the ion. This
estimate assumes that the charge of the ion is uniquely dependent
on its velocity and that the influence of the medium is negligible.

Lassen (1950, 195133?) found that the charges of fission fragments
are influenced by the medium in which they are moving. Using the
magnetic deflection arrangement referred to in the introduction of this
thesis, he showed that the average charge of a fission fragment which
passes through a thin metallic foil into the deflection chamber at high
vacuum is approximately 50% higher than that measured for a fragment
of the same mass and velocity if the deflection chamber contains gas.
Lassen also found that as the gas pressure is increased, at low values
of pressure, the average fragment charge increases but reaches a
maximum and does not change with additional increase of gas pressure.

The measurements of Lassen were made for fragment velocities of
6.48 v, for the light fragments and 4. 42 Ve for the heavy fragments. *

Due to the rather short path the fragment velocities were not changed

*vV_is the velocity of the electron in a hydrogen atom in the ground

state, i.e., (e2/5) or 2.19 x 108 cm/sec.
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appreciably by the gas. Some subsequent measurements of equilibrium
charge of fission fragments in gases at a lower velocity for each group
of fragments were made by Lassen. The lower velocity was achieved by
covering the uranium plating with a thin mica foil of uniform thickness.
This reduced the velocities of the light and heavy fragments to about
5.4 Vs and 3.4 A respectively. These are the only measurements of
fission fragment equilibrium charge in gases that have been reported.
Bohr (1948) and Bohr and Lindhard (1954) have given theoretical
treatments describing electron capture and loss by heavy ions penetrating
through matter. Bohr's earlier assumption, that the charges of the
ions are uniquely determined by velocity, was modified to account for

the experimental observations of Lassen.

2.2 Approximate Description of Heavy Ion Constitution

Encounters between highly charged ions and neutral atoms result in
considerable change in electron binding, particularly in the atom, where
the more loosely bound atomic electrons at an early stage of the colli-
sion are greatly influenced by the strong electric field around the ion.
The transfer of energy accompanying excitation and ionization of the
atom is the principal mechanism for energy loss by the ion, *?k During
the collisions, processes also take place which may result in excitation
of the ion, or a change of ion charge due to electron capture and loss.
A rigorous description of the processes involved presents a problem of
great complication, but since the binding states in the ion involved
in electron capture and loss are specified by high quantum numbers,
simple mechanical considerations can be used to survey the essential
features of the processes and interpretation of the experimental results

reported later in this chabter,

rx This holds true until the ion has been slowed to a velocity of the

order of A at which time it becomes a neutral atom. Due to its large
mass, the energy of the ion is still of the order of several million
electron volts. The principal stopping mechanisms during the remainder
of the path are nuclear or hard particle collisions.
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As heavy ions, such as charged fission fragments, move through
matter they will both lose and gain electrons due to collisions with
atoms and the charges of the ions will fluctuate about an equilibrium
value between the two competing processes. As the charge of the ion is
increased, the electric field which it exerts on neutral atoms that it
encounters in the medium being penetrated is increased, and thus the
electron capture cross section is increased. On the other hand as the
charge on the ion is increased there will be increased numbers of unfilled
energy states to which electrons in the ion can be raised during the
encounter, thus the probability of excitation without ionization is
increased. This causes the electron loss cross section to decrease
with increasing ion charge. For a particular value of ion charge the
electron capture and loss cross sections are equal. Due to the opposite
effect, on the respective cross sections, as the charge changes the ion
charge will fluctuate about an equilibrium value in penetrating a medium.

Figure 2 illustrates the variation of the respective cross sections
as functions of ion charge. These curves were plotted for a light -
fission fragment of nuclear charge 38, mass 95, and velocity 4 A
moving in argon. The cross sections were calculated from theoretical
formulae derived by Bohr and Lindhard (1954).

After an encounter one or more electrons in the ion may be in an
excited state. In a short time this excitation energy is shared among
a number of the electrons in the ion. If the ion is penetrating a
medium of low density this excitation energy will be dissipated by radi-
ation between collisions, and the electron loss cross section for the
ground state will determine the equilibrium charge. At higher gas
pressure the time between collisions is reduced and the residual ion
excitation must be considéred. An electron in an excited state is more
easily removed from the ion and the electron loss cross section is thus
increased with the result that the equilibrium charge is increased. If
the pressure is increased enough so that almost none of the excitation
energy is dissipated by radiation between encounters, the electron loss
cross section will have reached a saturation value and the equilibrium

charge will not increase with additional increase of pressure.
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The time required for distribution of the excitation energy within
the ion is of the order of the period of revolution of the excited elec-
tron about the nucleus, which is approximately (2% a/v) or about 10-16
second. In solids the time between successive collisions which is
(1/nVe) may be shorter than the time required for distribution of the
excitation energy. Thus the ion may enter a collision with an electron
in a higher state of excitation than would be the case if the energy
distribution process was complete and the electron loss cross section
is further increased. This in a qualitative way accounts for the higher
charges of fission fragments in metals that were observed by Lassen.

The loss of electrons from the heavy ion is accomplished by
transfer of sufficient energy to its electrons to allow one or more
electrons to escape. The more loosely bound electrons of the atom,
due to their small mass and charge, are not able individually to transfer
sufficient energy to the ion for ionization. The main contribution
to the electron loss process arises from the action of the nucleus of
the atom on the ion if the gas is composed of light atoms. For heavier
atoms the orbital velocities of part of the electrons are larger than
the fragment velocity and these electrons screen part of the nuclear
charge. The contribution to the electron loss process arises from the
atomic core in the case of heavier atoms. Thus some variation of
equilibrium charge as a function of atomic number of the stopping gas is
expected for light atoms. This variation will decrease with increasing
atomic number where the unscreened part of the nuclear charge does not

vary appreciably with atomic number.

2.3 Experimental

Equilibrium charges of the light and heavy groups of fission frag-
ments were measured for a large range of velocities in gas. Data were
taken at low pressures with gas filling the system and at high pressure
with gas in the deflection chamber only. This was done to study the
effect of velocity on the H/o distributions. The complete set of
measurements was used to study the pressure effect on equilibrium
charge. The gases used were HZ’ He, air, and argon.

The fragments were detected at the focal plane by the 0.003-in.
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CsI(Tl) crystal and photomultiplier tube. The HP distributions were
determined with integral pulse counting, with the discrimination level
set to eliminate background.

The He distributions of the light and heavy groups of fragments
were determined by taking a one-minute count at a given magnetic field
setting, changing the field by approximately 2% and repeating. The
magnet was passed through a hysteresis cycle between settings to insure
against magnetic lag. The counting rates at the peaks of the distribu-
tions were approximately 1200 counts per minute, with the windows
installed at the entrance and exit of the deflection chamber, and corres-
pondingly higher without the windows so the counting statistics were
good. A typical distribution curve of the type obtained is shown in
Fig. 3. The distribution on the left is for the light group of frag-
ments and the distribution on the right is for the heavy group. The
peaks obviously correspond to the peaks of the well-known fission frag-
ment mass distribution curve.

The magnetic field H in gauss, radius of curvature of the fragments
in the magnetic field 2 in centimeters, energy of the fragments E in
Mev, mass of the fragments M_in atomic mass units, and equilibrium

charge e in electron charges are related by the equation
HP = 14.35 x 105 ME) %78, (2,1)

The values of E were obtained from range vs energy curves which are
discussed in Chapter 4. Values were computed for masses 95 and 139
which correspond to the peaks of the mass distribution curve,

While the peaks of the HP distributions determined by scintilla-
tion detection correspond to the median light and heavy fission frag-
ments, there is considerable overlapping of the distributions of neigh-
boring masses. This might be expected to obscure any structure in the
equilibrium charge as a function of fragment velocity results obtained.
To check this, data were obtained by the mass identification method
(see Chapter 1) for mass 97 with He gas in the system. The range of

pressures covered by these data are from 0.44 to 10 mm Hg.
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2.4 Presentation of Data and Discussion of Results
The HpP values of the peaks of the HP distributions for the light

and heavy fragments are plotted as a function of gas pressure and the

resulting curves are shown in Fig. 4, 5, 6, 7. The triangles or full
circles refer to data obtained with gas filling the system and the open
circles refer to data with gas in the deflection chamber only. The
ordinate scales are greatly expanded and do not start at zero. The

Hp values are plotted as a function of gas pressure multiplied by fragment
velocity and the resulting curves are shown in Fig, 8, 9, 10, 11. The
peaks of the He distributions of the heavy fragments, with helium gas
filling the system, are beyond the range of the magnet. Part of the
distribution is within the range and from this the HP values of the peaks
are estimated.

The reason for presenting the data with different abscissa scales
is as follows. If the abscissa scale is properly chosen it will be inverse-

ly proportional to the average time between charge-changing collisions
and the resulting curve will show in detail the pressure effect on the
equilibrium charge. The time between collisions is determined by the
density of the gas and by the cross section for electron capture or loss.
The density is directly proportional to the pressure. The exact relation-
ship between the cross section and the fragment velocity is not known.
Bohrand Lindhard (1954) derived an expression for equal capture and loss
cross sections in which the magnitude of the cr;)ss section at equili-
brium varies inversely with fragment velocity. If this relation is
correct the graphs of He vs (pressure) are the appropriate ones for
studying the pressure effect. The graphs of HP vs (pressure x velocity)
correspond to the assumption that the cross sections are independent of
fragment velocity.

The velocity effect on H® was studied with the fragments in helium
gas. The data for gas in the system and in the deflection chamber overlap
for a large range of abscissa values in Fig. 5 and 9. For a given
abscissa the fragment velocity, with gas in the deflection chamber only,

is about 50% larger than if gas is filling the system. The data show the
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velocity effect on H/ to be less than 2% for the light fragments in
helium. The same results were obtained with less complete data
in HZ and air. The data obtained with argon (Fig. 7 and 11) show
velocity effects of almost 5% on H/0 .

The ordinate values approached by the curves, as they approach
zero abscissa, correspond to the absence of the pressure effect on the
equilibrium charge. The flat portions of the curves correspond to
saturation of the pressure effect. The range of HY values covered by
each curve corresponds to the range of the pressure effect on the
~ equilibrium charges of the fragments. The maximum effect on each group

of fragments for each gas are tabulated in Table I.

TABLE I

Maximum Pressure Effect on Equilibrium Charges
of Light and Heavy Fission Fragments

Maximum Percentage Maximum Percentage
Increase of e for Increase of e for
Type of Gas Light Fragments Heavy Fragments
Hydrogen 13.6 . 10.7
Helium 14 11
Air 16 9.1
Argon 17 11

In Fig. 12 values are shown of equilibrium charge of the light

and heavy fragments in the various gases as functions of fragment veloc-
ity. These curves correspond to the maximum H/O values, i.e., the

pressure effect is removed. The value of equilibrium charge of mass-97

fragments as a function o;.' velocity in helium, is shown in Fig. 13.

These data were obtained by the mass identification method.

Fig. 14 shows the equilibrium charges of the light and heavy
fragments, corrected for pressure effect, as a function of atomic
number of the stopping gas. These curves correspond to velocities of
6.5 Vs and 4.4 Vo for the light and heavy fragments, respectivel‘ya

The dotted lines show the results obtained by Lassen (1951?’) for the same
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fragment velocities. There is excellent agreement between the two sets
of results except for the light fragments in hydrogen. From the curves
in Fig. 12 additional sets of curves of fragment charge as a function

of atomic number of the stopping gas are directly obtained for the range
of velocities covered by the data. It is seen that the curves of Fig. 14
are repeated for all fragment velocities with only the values of the
ordinates changed.

It is interesting to compare the experimental values of equilibrium
charge as functions of fragment velocity with some theoretical results.
Dr. Jacob Neufeld, of Oak Ridge National Laboratory, is preparing some
theoretical curves of ion charge as a function of velocity for ions of
various nuclear charge. These curves are based on theoretical
estimates of binding energies of the ions which were computed by
Lisitzin (1 938). Dr. Neufeld has kindly consented to the use of two
of these curves, prior to publication, for comparison with the experi-
mental results. These curves are for a light fragment of nuclear
charge 38 (Fig. 15) and a heavy fragment of nuclear charge 54 (Fig. 16).
The experimental results are shown in the same figures along with the
experimental results of Lassen,

The experimental results agree in general but not in detail with
the theoretical results for the light fragment. There is less agree-
ment in the case of the heavy fragment. Agreement with the experimental
results of L.assen and those of the author is obtained for both the light
and heavy fragments.

The most significant disagreement between the experimental and
theoretical results is the presence of structure in the theoretical
results and the lack of it in the experimental results. The flat portions
of the theoretical curves correspond to closed electron shells where
there is an appreciable difference between the electron binding for the
last electron in the lower shell and that of the first electron in the
higher shell.

It is true that the peaks of the Hp distributions determined by
scintillation detection do not correspond to a single mass but rather

there is considerable overlapping of nuclear masses. However, the




EQUILIBRIUM CHARGE (electron charges)

UNCLASSIFIED
ORNL—-LR—DWG 19396

7

20

LIGHT FRAGMENTS IN:

ARGON
AIR

HYDROGEN

10

EXPERIMENTAL
RESQULT OF
LASSEN

THEORETICAL CURVE PREPARED BY
NEUFELD FOR ATOMIC NUMBER 38

VELOCITY (vo)

Fig. 15. Comparison of Theoretical and Experimental Values of Equilibrium Charge
of Median Light Fission Fragments as a Function of Velocity.




-31.

UNCLASSIFIED
ORNL—-LR—DWG 19397

20 ]
HEAVY FRAGMENTS IN :
ARGON EXPERIMENTAL
AR RESULT OF
HYDROGEN LASSEN

__10 HELIUM

o

o

O

-

(&)

[

ot

©

QL

o

W O /

: /

<

T

Q

=

-

(h el

@©

-

D

S «~—THEORETICAL CURVE PREPARED BY

NEUFELD FOR ATOMIC NUMBER 54
2
f
1 2 5 10

VELOCITY (v,)

Fig. 16. Comparison of Theoretical and Experimental Values of Equilibrium Charge
of Median Heavy Fission Fragments as a Function of Velocity.



32~

equilibrium charge of mass-97 fragments as determined by the mass
identification method (Fig. 13) does not reveal any structure either.
Thus the lack of structure in the case of the experimental results can-
not be attributed to mass distribution.

Assuming that the structure in the theoretical results is valid,
the lack of it in the experimental results must be attributed to the
masking effect of nuclear charge distribution of fragments of a given
mass. An experimental determination of this is discussed in
Chapter 6. Dr. Neufeld does not have theoretical curves for fragments
of neighboring atomic numbers at present. When they are available
it will be of interest to compare the experimental results with the average

theoretical curve for ions of atomic numbers 37-39 and 36-40.

2.5 Mean Radiative Lifetime of Fission Fragments

The pressure effect on the equilibrium charge of fission fragments
is due to incomplete radiative dissipation of the excitation energy
between successive collisions with the gas atoms or molecules. It.is
easily seen that a given fraction of the maximum pressure effect cor-
responds to the same fraction of the excitation energy being retained
by the fragments between collisions.

Let f represent the fractionof the fragments that are in excited
states at the time of collision; Ae represent the increase in e due to
ion excitation; éo represent the value of e if all collisions occur with

the fragments in the ground state. Then

e =f(e + Ae) + (1-f)éo

o1
o ©

f=

_ % (2,2)

Ae

If it is assumed that the radiative dissipation is achieved by
simple exponential decay, then

f= (2, 3)

where » is the fractional dissipation per unit of time.



From equation (2, 1) it is seen that e is inversely proportional to
Hf , thus the maximum decrease in HP corresponds to the maximum
increase in e. Making use of this and equation (2, 3), information about the
mean radiative lifetimes of the excited ionized fission fragments is
obtained from the curves in Fig. 4-11.

The time t between successive collisions is given by the relation

t = 1 (2,4)

nvo

where n is the number of molecules per unit volume, v is the fragment
velocity, and ¢ is the combined cross section for electron capture and
electron loss, i.e., the cross section for a charge changing collision.
n is equal to kP where P is the gas pressure and k is the proper con-

version factor. Equation (2,4) may be written

t( oV ) = 1 (2,5)
2 -1 2 -11
wa oVoXlO kPwga oVoxlO
or
o) = 2 I (2,6)
Ta oxlO kPvna oxlO

The constants are included to reduce the dimensions of the expressions
to time. Equation (2, 5) refers to the assumption that ¢ varies as

(1/v) and equation (2, 6) refers to the assumption that ¢ is independent of
fragment velocity. The expressions on the right of equations (2, 5)

and (2, 6) correspond to the reciprocals of the abscissae of the H/O vs
(pressure) graphs and of the H/O vs (pressure x velocity) graphs,
respectively.

The graph in Fig. 17 is constructed by plotting the fraction of ,
the maximum change in e, i.e., f for the light fragments, corresponding
to a given value of the abscissa in Fig. 8 vs the reciprocal of the
abscissa value. The graph in Fig. 18 is constructed in the same
manner from the graph corresponding to the light fragments in Fig. 4.
The curves in Fig. 19 and 20 are similarly constructed from the

curves corresponding to the light fragments in Fig. 9 and 5, respectively.
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Similar sets of curves are obtained for the light fragments in air and
argon., The Hp data for the heavy fragments are less complete but
similar results are obtained.

The curves in Fig. 17 and 19 are decay curves for the excited
electron states of the fragments if ¢ is independent of fragment velocity,
and from these curves estimates of the mean radiative lifetimes are
obtained. These estimates are given in Table II. The curves are
straight lines which imply simple decay of the excitation energy. The
curves in Fig. 18 and 20 are decay curves for the excited electron
states if ¢ varies as (1/v). The curves are not straight lines but are
convex with respect to the abscissa axis which imply that the excitation
energy is not dissipated by simple radiative decay if the assumption of
(1/v) dependence of ¢ is correct. The data do not reveal which as-
sumption about the velocity dependence of the cross section is the
correct one.

For the assumption that the cross section is independent of frag-
ment velocity, numerical estimates of the mean radiative lifetimes are
obtained. The cross section for a hydrogen atom is of the order of
Trazo, and for a hydrogen molecule it is twice as large. The width of

the Hp distribution is given by the relation
W = K (2,7)
\ 9P

In Chapter 6 it is shown that K is reasonably independent of energy. If

it is assumed that K is the same for various gases then relations between
the cross sections for other gases compared to hydrogen are obtained
from the width W of the He distribution for single mass fragments in the
gases. Values of W were determined for mass-97 fragments by the mass
identification method in HZ’ He, air, and A at relatively low pressures.
From these data and the assumed value of the cross section for HZ’
estimates of the charge changing cross sections were obtained. These
values together with the estimates of the mean radiative lifetimes are

presented in Table II.




Mean Radiative Lifetime

TABLE 11

as Determined from Ho Data in Various Gases

T o
2 -1l T
Pressure w 2 2 (wa“ox10 °7) 11

Type of Gas {(mm Hg) % PW o/wa o second (10 sec)
Hydrogen 0.97 13.6 180 2.0 4.5 2.3
Helium 1.04 9.3 90 4.1 4.0 1.0
Air 0.50 5.0 12.5 30 47 1.6
Argon 0.30 7.2 15.5 24 50 2.1

_6€_
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CHAPTER 3

RESPONSE OF CESIUM-IODIDE CRYSTALS
TO FISSION FRAGMENTS

3.1 Introduction

Although a considerable amount of study has been devoted to the
scintillation responses of both inorganic and organic phosphors to
light particles (e.g. Taylor et al., 1950) and light nuclei (e.g. Allison
and Casson, 1953) and Eby and Jentschke, 1954), the responses of
only a few phosphors to heavy, energetic, multiply ionized particles
such as fission fragments have been reported. Most phosphors show
signs of saturation for alpha particles with energies of a few Mev,
The mean rangé in matter of the more energetic group of fission
fragments is about three-fourths that of 5-Mev alpha particles. It
might thus be expected that the scintillations due to fission fragments
are smaller than those of alpha particles. Milton and Fraser (1954)
have studied the responses of NaI(Tl), KI(T1l) and stilbene to fission
fragments. In all three cases the fission fragment pulses were
larger than the pulses of 4. 8-Mev alpha particles from the same
crystals,

In addition to its intrinsic interest, knowledge of the scintilla-
tion response is important in experiments involving fission fragments
and fast coincidence techniques where scintillation counters are

desirable,

3.2 Experimental

A CsI(T1) crystal was selected for scintillation detection of
fission fragments in connection with obtaining much of the data re-
ported in this thesis, The selection was made because of the non-
deliquescent property and availability in rather thin single crystals.

Potassium-iodide also meets these requirements.




o
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. A description of the crystal mounting is given in Chapter 1.
Used in this manner, the requirement of detecting the fission frag-

. ments in a high background of gamma and beta rays was adequately
fulfilled.. The background as measured with the magnetic field
turned off was approximately 1% of the counting rate for full energy
fission fragments at the peaks of the Hp distributions,

Concurrent with the data of Chapters 2 and 4, data were also

qbta.ined to determine some characteristics of the response of the
ci{ystal to fission fragments. Pulse height distributions were
determined for the median light and heavy fragments, i.e., for the
peaks of the Hp distributions, with HZ’ He, air, and A filling the

system to various pressures.

3.3 Presentation and Discussion of Data

Typical samples of the scintillation pulse height distributions
. of median light and heavy fission fragments are shown in Figure 21.
The pulse height distribution of 5. 3-Mev alpha particles from Po210
is also shown. Although the light and heavy fragments were sepa-
rated magnetically and thus the distributions were determined
individually, it is seen that the energy resolution is sufficient to
distinguish between the two groups of fragments. The fission frag-
ment data shown in these curves were obtained with enough argon in
the system to equal a path length of 1.3 mm at standard atmospheric
pressure. The energies of the median light and heavy fragments,
for this range in argon, are 90 and 63 Mev, respectively. The pulse
heights, i.e., the peaks of the distributions plus half the channel
width of the pulse height analyzer, are 55 and 39, respectively. The
ratio of the energies are approximately equal to the ratio of the pulse
heights.
The resolutions of the pulse height distributions, defined as the
. full width at half maximum, are 31%, 37%, and 14%, respectively,
for the light and heavy fragments and the alpha particles. Part of




-42.

UNCLASSIFIED
ORNL-LR-DWG 19379

T T

MEDIAN LIGHT FRAGMENTS
200 MEDIAN HEAVY FRAGMENTS 4
Po ALPHA PARTICLI:;S/

600

500 /

: 4
b
)
o
O +
% 400 \
'_
<<
_
J
0

300 +

200

100 \ 9

O
O 10 20 30 40 50 60 70

PULSE HEIGHT

Fig. 21. Scintillation Pulse Height Distributions of 5.3-Mev Alpha Particles and Median
Light and Heavy Fission Fragments in Cesium-lodide (Thallium) Crystals.




-43-

the widths for the fission fragments is due to energy distribution
widths, The width of the energy distribution of mass-97 fission
fragments was determined by Cohen, Cohen, and Coley (1956) to be
11.4%.

The pulse height values that were measured with various pres-
sures of argon in the system are plotted as a function of range in
Fig, 22, From these data estimates of pulse height as a function of
residual range in argon are obtained and used to plot the curve in
Fig. 23. It is seen that, within the accuracy to which the full ranges
are estimated from Fig. 22, the pulse heights as a function of residual
range for both groups of fragments are in coincidence., Similar re-
sults are obtained for HZ’ He, and air.

An estimate of specific fluorescence (dL/dx) as a function of
specific energy loss (dE/dx) for fission fragments in CsI(T1) is ob-
tained as follows. The range of the fragments in Csl is assumed to
be equal to the range in Ag, which from the data of Suzor (1949) is
7.6 and 6.6 mm/cm2 for the light and heavy fragments, respectively.
It is further assumed that the ratio of the specific energy loss in two
materials is equal to the inverted ratio of the ranges of the fragments
in the materials,

Values of specific energy loss are obtained by differentiating
the range vs energy curves for fission fragments in argon (see
Chapter 4) at various points along the range. Correspondent values
of specific fluorescence are obtained in the same manner from the
curves in Fig. 22. After multiplication by the ratio of the ranges
in the two materials and a conversion factor (converting millimeters
of gas into milligrams per square centimeter) these values are
plotted in Fig. 24. Additional points that were obtained from data
with hydrogen in the system are plotted. The reasonable agreement
between the points obtained from A and H2 data indicates that the
assumed ranges of fission fragments in Csl are not much in error.

Although it is an approximation the graph in Fig. 24 shows that the
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crystal does not saturate within the range of specific energy loss

covered by fission fragments, but rather (dL/dx) increases mono-
tonically with (dE/dx).

Some conclusions can be drawn from this analysis of the re-
sponse of CsI(Tl) crystals to fission fragments, Most of the light is
produced near the beginning of the fragment path where the specific
energy loss is high. There is no large contribution to the scintil-
lation response from nuclear recoils as these occur near the end of
the fragment track. Since most of the light is produced near the
surface of the crystal, surface effects are important. A deliquescent

phosphor would be suitable for fission fragment detection only in the

absence of humidity,
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CHAPTER 4

ENERGY OF FISSION FRAGMENTS AS A FUNCTION
OF RANGE IN VARIOUS MATERIALS

4,1 Introduction

The phenomenon of energy loss of heavy ions in penetrating
matter differs from that of protons and alpha particles. The ef-
fective charge of a light ion remains constant during most of its
path, while an energetic heavy ion begins its path with a high positive
charge which diminishes as the ion is slowed down.

As developed in a theoretical treatment by Bohr (1948), the
range of fission fragments in matter may be divided into two parts
over which the stopping mechanisms are different. In the first part,
where the fragment velocity is high compared with the orbital
velooities of the most loosely bound electrons in the atoms of the
stopping material, energy loss takes place primarily through exci-
tation and ionization of the atoms. Since the charge of the fragment
decreases as the fragment is slowed down the specific energy loss,
i.e., the energy loss per unit of path length, is expected to decrease
along the range. When the fragnient reaches a velocity of the order
of v, it becomes completely neutralized but due to the large mass it
has a residual energy of several Mev and thus may move an appreci-
able distance before finally being stopped. Over this part of the
range the energy loss is supposed to take place mainly by encounters

in which kinetic energy is imparted to the stopping atom as a whole.

4.2 Survey of Previous Measurements

Measurements of the specific energy loss of fission fragments
along their range in HZ, He, and A were made by Lassen (1949a’b)0
For these measurements an ionization chamber was used. It was
located inside the gas chamber in which the fragments were slowed
down, From the data obtained, Lassen constructed energy vs range

curves for fission fragments in the gases used,
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Experimental values of the range of fission fragment in air
have been published by Boggild, Minnhagen, and Nielsen (1949) who
made measurements by means of a cloud chamber. Boggild, Arroe,
and Sigurgeirsson (1947) investigated the ranges of fission fragments
in deuterium, HZ’ A, and Xe. Campbell, Good, and Strauser (1949)
have measured the ranges of two delayed neutron emitters in the
same gases,

Katcoff, Miskel, and Stanley (1948) made direct measurements
of the ranges in air of Pu 239 fission fragments of twenty known
masses. The collimated fragments passed along a tube containing
a known pressure of air and were stopped in a series of thin Zapon
films., The films were analyzed radiochemically for individual fis-
sion fragments and the activities plotted as functions of the distance
traveled.

Seg‘rc’a and Weigand (1946) and Suzor (1949) have investigated
the ranges of fragments from U-Z-35 in collodion, cellulose acetate,
Al, Cu, Ag, and Au. Segre and Weigand used both ionization
chambers and the method of measuring the activity in catcher foils.

Suzor used a chemical method in which the activities of Te132,

M099, and Zr97 were measured in a series of thin foils., The
measurements of Suzor are considered to be very accurate.

Schmitt and Leachman (1956), using a time-of-flight method,
made very accurate determinations of the energies of median heavy
and light fission fragments at the beginning of their paths and after
the fragments had been passed through three different thicknesses
of aluminum foil.

While there has been a large number of measurements of total
ranges of fission fragments in various materials, very few deter-

minations of energy as a function of range have been made.
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4.3 Experimental

Scintillation pulse height distributions of the median light and
heavy fragments in the CsI(T1l) crystal were determined after the frag-
ments passed through various thicknesses of absorbing material.

2 He, air, A, Al, Ni, and Au. The

desired thicknesses of the gas absorbers were achieved by filling the

The absorbers used include H

system to the proper pressures. For the metallic absorbers, thin
foils of known thicknesses were placed in the path of the fragments
a short distance from the crystal. '

In order to obtain energy vs range graphs from the pulse height.
vs range data, a calibration of the scintillation detector was required.
For this the pulse height vs range data for the fragments in aluminum
were used with the accurate energy vs range data of Schmitt and
Leachmann (1956) to plot a curve of pulse height as a function of frag-
ment energy. The resulting curve is shown in Fig. 25. The circles
and triangles refer to data obtained with the median light and heavy
fragments, respectively. It is noted that the data for the light and

heavy fragments agree reasonably well and that the curve is linear,

4.4 Presentation and Discussion of Results

The pulse height as a function of range in aluminum is shown
in Fig. 26. The dotted lines are extended to the full ranges as
determined by Suzor (1949). The curves probably should deviate
from the dotted lines due to nuclear stopping near the end of the
range. The data obtained here does not give information about this
part of the range.

The energy vs range relations obtained for the various
materials are shown in F1g 27, 28, 29, 30, 31, 32, and 33. A
check on the validity of the energy Vs range curves obtained here is
provided at one point for each group of fragments by an accurate
determination, by a time-of-flight method, of the energies of median
light and heavy fragments after they pass through 1.1 mg/cm2 Ni

(Schmitt and Leachman, 1956)., These measurements agree within
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3% with the curves of Fig. 32. It is noted that the data for the light .
and heavy fragments agree reasonably well and that the curve is
linear.
For comparison, curves of energy as a function of range for
the light fragments in all the materials studied are shown in Fig. 34,
A similar set of curves for the heavy fragments is shown in Fig. 35,
It is noted from these sets of curves that the ranges of the frag-

ments increase monotonically with atomic number of the stopping

material.
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CHAPTER 5

MAGNETIC ANALYSIS OF THE LONG RANGE PARTICLES
FROM NUCLEAR FISSION

5.1 Existence of Long Range Particles from Nuclear Fission

The liquid drop model of the nucleus was used by Present (1941)
to predict that fission of a heavy nucleus into three charged frag-
ments is dynamically possible. Emission of light nuclei of long

35 was observed by Alvarez

.. 2
range from slow neutron fission of U
* ‘
in 1943, Since these first observations there has been considerable

work devoted to the study of the light nuclei from fission,

5,2 Survey of Previous Studies of Long Range Particles from

Fission

Farwell, Segre/, and Wezigand (1947), using'a double ionization
coincidence arrangement, found light particles from fission with
ranges up to 23 cm of air., The resolving time of the apparatus used
showed that the particles are emitted within 5 x 10-=6 sec of the fis-
sions from which they originate. The ionizing power of the particles
indicated that they are alpha particles, From these observations the
particles were estimated to occur in one of each 250 slow neutron
fissions of uranium-235, ‘.

Demers (1946) in observing 1500 pairs of fission fragment
tracks in photographic emulsion found six alpha tracks originating
within 0. 2 micron of the fission fragment tracks. Since the velocity
of fission fra.gnients is of'the order of 109 cm/sec, the emission of

the alphas must occur within 2 x 10='14 sec of the fission events.

*These observations were reported by Farwell, Segré, and

Weigand (1947).
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Wollan, Moak, and Sawyer (1947) observed alpha particle
tracks from fission in photographic emulsion. The maximum range
of the particles in the emulsion corresponded to about forty cm of air.
The observations indicated that the alpha particles are released with-
in 102'13 sec of the fission events from which they originate.

Marshall (1949) observed 18, 500 pairs of fission fragment
tracks in photographic emulsions and found 80 long range alpha tracks
associated with fission of uranium-235, The maximum energy of the
alphas, as indicated by the length of the tracks in the emulsion, is
26.4 Mev.

Allen and Dewan (1950) made a careful study of long range
particles emitted in slow neutron fission of U233, U235, and Pu239.
They used coincidence counting methods employing two different
arrangements of proportional counters. They studied the range
distribution of the particles in air, and found it to be continuous with
a broad maximum near 20 cm and extending to 50 cm. The resolving
power of the apparatus used was 4.0 cm of air. Comparison of
~energies and ranges in air showed that all the long range particles
are alphas. The frequency of emission of the particles from ther-
mal neutron fission of UZ'35 was estimated to be 1 in 550 % 50,

Titterton (1951) reported the results from the study of over
500, 000 fission events that were recorded in photographic emulsions,
Ilford C-2 and D-1 emulsions, impregnated with a saturated solution
of uranyl acetaté, were irradiated in slow neutron fluxes in the
reactors GLEEP and BEPO. The studies indicated that the frequency
of emission of the long range particles is 1 in 422 + 50. Angular
distribution of the particles relative to the main fission fragments
showed the preferred direction to be at a slightly acute angle with
respect to the lighter of the fragments. The energy distribution was

determined from the observations.
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5.3 Advantages of Studying the Long Range Particles by Magnetic

Analysis

None of the studies of the long range particles from fission,
that have been reported, employed magnetic analysis. There are
some obvious advantages to this method. The Hf distribution cor-
responds directly to the energy distribution of the particles, thus the
energy resolution is much better than either the proportional counter
or the nuclear emulsion techniques. If there were fine structure in
the energy distribution it would be revealed by the higher resolution
study. If a few microns of gas pressure is maintained in the system
the HP distribution of the particles does not overlap that of the fis-

sion fragments thus separation is achieved without absorbers.

5.4 Experimental

Scintillation counting methods were employed for these studies.
A preliminary search for the long range particles was made with air
filling the system to a pressure of 3 mm Hg. This is enough air to
stop all the primary fission fragments. This search revealed
particles with Hy values ranging from 3.7 x 105 gauss cm to
7.4 x 1075 gauss cm. For alpha particles this range of HID corresponds
to an energy range of 6.6 Mev to 26.5 Mev.

The 0.003-in, CsI(T1) crystal was replaced by another of the
same material 0. 007 in. thick so that the range of the partiéles, in
the crystal, would not exceed the thickness.

Measurements were made to determine whether the particles
observed in the preliminary search are indeed alpha particles.
Scintillation pulse heights of the particles were determined at several
points of the Hp distribution, and these were plotted as a function of
enezligoy as determined from the Hp values. The pulse height of the
Po

shown in Fig. 36. Because of the very low counting rates pulse height

alpha was determined and included in the resulting graph

data were not obtained at the high energy end of the Hf distribution.
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Aluminum foils of known thicknesses were placed in the path of
the particles near the crystal. From the energy vs range in alumi-
num data of Aron, Hoffman, and Williams (1951), the change in
energy of alpha particles due to the absorbers was known. The
scintillation pulse heights of the particles of reduced energies were
determined and the results included in the graph shown in Fig. 36.
The dotted lines show the shifts in energies due to the aluminum
absorbers. Since these measurements show that the particles being
studied have both the same momentum to charge ratio and range in
aluminum to energy ratio as alpha particles, they demonstrate con-
clusively that they are alpha particles.

Much of the data were obtained during nights and week-ends
through the cooperative assistance of the reactor operation person-
nel under the supervision of Mr. J. A. Cox, Superintendent, and
Mr. W. R. Casto, Supervisor of the Reactor Operations Department
of Oak Ridge National Laboratory. At the end of each two-hour
counting period one of the men would record the accumulated count,
reset the counters, and change the setting of the instruments
according to instructions that were prepared for each run.

Detailed data were obtained to determine the energy distribu-
tion of the long range alpha particles. Integral pulse counts of two
hours duration were taken at intervals of approximately 1 Mev be-
tween 5 and 30 Mev. The counting rate at the peak of the energy
distribution was about 700 counts in two hours, Proper discrimi=-
nation level settings, which were determined from the pulse height
distributions obtained earlier, eliminated background over most of
the distribution. For the lower part of the energy distribution it’
was necessary to integrate the area under the pulse height distribu-

tion curves to obtain the integral counting rate.
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A background of tritons prevented the study of the long range
alphas of energies less than 6.6 Mev. The tritons were presumably
formed from Lig (n, a)Hf reactions from a concentration of a few
parts per million of lithium in the aluminum entrance arm.

An extensive search for fine structure in the energy distribution
was made by taking 30-minute integral pulse counts at intervals of
1/4 Mev over the entire energy distribution. No fine structure was

found.

5.5 Presentation of Data and Discussion of Results

The energy distribution as determined by these experiments is
shown in Fig. 37. The distributions determined by Allen and
Dewan (B) and by Titterton (C) are also shown.

Allen and Dewan determined the distribution by a proportional
counting method which had an energy resolution of four cm of air.
Titterton determined the distribution from the lengths of less than
a thousand long range particle tracks in photographic emulsions.
There is excellent agreement between the results of the three methods
for the high energy half of the distribution. The location of the peak,
as determined by the three methods, is also in agreement. There is
some difference in the determinations of the low energy part of the
distribution. The resolution of the magnetic analysis method is more
accurate than either of the other methods. This probably accounts
for the lack of agreement for the lower energy part of the the
distribution,

There is no detailed and generally accepted explanation for the
formation of the long range particles., Feather (1947) has suggested
that the alpha particle is emitted from a highly excited fragment
which is in one of the regions of alpha instability, i.e,, atomic
number near 40 or 60, The very high state of excitation of the frag-
ment is used to explain the emission of the particle within such a
short time., An alternate view is that the alpha particle is formed
during the actual fission process, It is compared to the plateau

droplet which is often seen to form in the division of an ordinary
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liquid drop. The angular distribution of the alpha particles with
respect to the primary fission particle tracks, reported by
Titterton (1951), favors the hypothesis that the three particles are
formed simultaneously and fly apart under the influence of their
mutual electrostatic repulsions.

The shape of the energy distribution demonstrates that the
alpha particles are formed at the instant of fission. From the
reciprocity theorem for nuclear reactions, such as is presented by
Blatt and Weiskopf (1952), the Coulomb barrier penetration factors
for escape of an alpha particle from a compound nucleus are ap-
proximately the same as the cross sections for the formation of a
compound nucleus. These factors are plotted in Fig. 38 from tables

in Theoretical Nuclear Physics by Blatt and Weiskopf, page 353.

The curves shown cover the range of possible nuclei that might emit
an alpha particle either before or after fission.

The solid curve in Fig. 38 corresponds to the variation of the
barrier penetration factor as a function of particle energy that would
apply to the energy distribution that was determined. This curve is
plotted as follows. The as sumption is made that the part of the energy
distribution with the greatest negative slope corresponds to a Maxwell
distribution of alpha particles for a temperature of 1.4 Mev. A
straight line is drawn tangent to this pért of the energy distribution,
The ratios of the intensity obtained for lower energy and the cor-
responding intensity indicated by the straight line are used to plot the
curve, It is seen that the rates of decrease of the penetration factors
as functions of particle energy for all available nuclei are too great
to satisfy the energy distribution of the long range particles.

The frequency of emission of the long range alpha particles was
estimated. Numerical integration of the counting rate of the alpha
particles as a function of Hp and of fhe counting rate of the fission

.fragments, after correcting for vaﬁation in ‘counting geometry as
Hp changed, and normalizing the counting rates to the same counting
periods, indicated that a long range alpha occurs in one of each

310 £ 40 fissions. The large error that is assigned reflects the range




COULOMB BARRIER PENETRATION FACTOR

-71-

UNCLASSIFIED
ORNL-LR-DWG {9387

‘.O R
—— = =]
0.5 —=1" —
- P
.// 7z
// Py
yd 7
0.2 // / &
/
//«\Z=3O /
/ [
0.1 / +
7/
7 V4
,I’
0.05 / /
/ //\.\
// /. [4=50 ,/
/ //' /
/ /
0.02 > 4
/ / /
/ / /
/ / !
0.01 / 1
/
/ +
f 1
0.005 f {
f f
/ /
/ ]
/ I
0.002 ', I
'\Z=9o
/ | {
0.001 [
8 9 {0 Mt {2 13 {4 45 46 47 18 19

ALPHA PARTICLE ENERGY (Mev)

Fig. 38. Coulomb Barrier Penetration Factors for Emission of Alpha Particles
from a Compound Nucleus as Functions of Particle Energy. (The slopes rather
than the amplitudes of the theoretical curves are to be compared with the experi-

mental curve.)




-72-

of results obtained from numerical integration of Hp distribution

curves obtained in various gases.

Table III with the estimates obtained by other investigators for U2 .

This result is compared in

35

The reason for the large variation of the estimates obtained is not

clear, but as suggested by Allen and Dewan, it may be due to dif-

ferent energy distributions of the neutrons causing the fissions,

TABLE III

Rate of Occurrence of Long Range Alpha Particles

Observers

Allen and Dewan
Allen and Dewan
Titterton

Green and Livesey

Farwell, Segré
and Weigand

Demers
Marshall
This author

[ SRR G G

in Fission of U235

Rate

in 550 % 30
in 515 % 50
in 422 % 50
in 300

in 250

in 250
in 230
in 310 % 40

Type of Neutrons

thermal
pile
pile

cyclotron produced and
slowed down

cyclotron produced and
slowed down

Ra-a -Be slowed down
thermal from pile

pile
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CHAPTER 6

A FISSION FRAGMENT MASS SEPARATO‘R AND THE NUCLEAR
CHARGE DISTRIBUTION OF SINGLE MASS FISSION FRAGMENTS

6.1 Introduction and Operating Principles

The properties of a wedge magnet spectrograph (Bainbridge,
1953) are such that energetic ions originating at the source are
focused to a position on the focal plane which is a function only of
their radius of curvature, Lo in the magnetic fieldE. L is deter-

mined by the well known relation

Hp=mvc/e (6,1)

where m, v, and e are the mass, velocity, and charge of the ions,
respectively. If e is much larger than one electron charge and if
the system contains an appreciable quantity of gas, the charges of
the ions may frequently change due to electron capture and loss col-
lisions with the gas molecules. In this case, the focal position is
still determined by (6, 1) but with e replaced by €, the time-average
of the charge while the particle is in the magnetic field. In general,
‘e is a function of the velocity, the nuclear charge of the ion Z, the
type of gas in the system, and the pressure. It has been predicted
theoretically (Bohrand Lindhard, 1954) and demonstrated experi-
mentally (see Chapter 2) that for a wide variety of conditions ¢ is
proportional to ion velocity. Bohr (1948) has shown to some

1/3

approximation that e is proportional to Z Thus, for given con-

ditions of gas filling,

1/3

ecx z' 7V (6,2)

Inserting (6, 2) in (6, 1) then gives

HP™ 7y (6,3)
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Ignoring for the moment the relatively small spread in nuclear
charge of fission fragments of a given mass (Whitehouse, 1952), and
taking m proportional to Z, (6, 3) gives

Hf « mz'/3

(6,4)
Thus, by simply passing fission fragments through a magnetic spec-
trograph which is filled with gas, mass separation of the fragments
is achieved, independent of their energy and direction of motion
(within the acceptance angle of the spectrograph), and with a reason-
ably good dispersion; i.e., 0. 7% and 0.4% per mass unit for the light
and heavy fragments, respectively. This separation, which ideally
would be at least equivalent to, and usually superior to the results
achieved by chemical procedures, is accomplished in a time of the
order of one microsecond. It therefore allows the fragments to be
separated and studied before any beta decay or delayed neutron emis-
sion has occurred.

The principal difficulty with the instrument is its lack of reso-
lution. This arises from several sources. In the first place it is
noted that the process of charge changing by electron capture and
loss collisions with gas molecules is a statistical one. Thus the
average charge, e, for different fragments of the same mass, velocity,
and initial charge* is subject to a statistical fluctuation, A'e. From
usual statistical considerations A€ varies inversely as the square
root of the number of charge changing collisions. Since the latter
is just proportional to the density of gas mélecules, and hence the

gas pressure, P, the width of the _I;I_P distribution is given by

* Actually the initial charge is of negligible importance if the
total number of charge changing collisions is much larger than the
number of charge states that can be reached by charge changing col-
lisions with reasonable probability. This condition is fulfilled for all
cases of interest here. For example, at the most favorable pressures,
the number of charge changing collisions in the deflection chamber is
about 105,
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W= KNP (6, 5)

where W is defined as A(Hp)/Hp , and K is a constant. In principle,
then, this spreading of the resolution can be reduced indefinitely by
increasing the pressure. However, this also causes the fragments to
lose energy and thus suffer multiple scattering, so that a resolution
limit is set by the ratio of the electron capture and loss cross sections
to the energy loss cross section. Shortly before this limit is reached,
however, another factor, the nuclear charge distribution of fission
fragments of a given mass, comes into predominance, By noting the
manner in which this factor limits the resolution, it is possible to
determine the width of this charge distribution. Since this is a very
important quantity in the theory of nuclear fission, the measurement

of this width is one of the most important results of these studies.

6.2 Experimental

A description of the fission fragment spectrograph has been
given in Chapter 1. The data used to determine the resolution of the
instrument as a function of gas pressure were obtained by the catcher
foil and radiochemistry method so that Hf distributions of single
mass fission fragments were obtained. Data were obtained at low gas
pressures with gas filling the system and at higher pressures with gas

in the magnetic deflection chamber only. The beta activities of Zr97,

Sr91, and 1133 were used to determine the Hy distributions for
fission fragments of those three masses,

Several Hp distributions obtained for mass-97 fragments with
He gas filling the system are shown in Fig. 39. The principal infor=~
mation obtained from these data is the width of the distribution, de-
fined here as the full width at half maximum. The widths of mass-97
fission fragments as a function of pressure are plotted in Fig. 40
for He gas in the system, and in Fig. 41 for He gas in the deflection
chamber. The energies shown in Fig. 40 are the energies at the center of
the deflection chamber as calculated from the range vs energy data
of Chapter 4. Less complete data were also obtained with H,, air,

and A.
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6.3 Factors Affecting Resolution

A. Charge Changing Statisticss

The contribution to the resolution width from the statistics of
the charge changing process is governed by equation (6, 5). The
only problem is to determine K. Since K may in principle be energy
dependent, it is desirable to determine it from data obtained at low
pressures so that the energy is not changed significantly between
points. The determination of K for He is shown in Fig, 40. The
upper line is drawn through the two low pressure points assuming
that no other factors affect the resolution. The principal other
factor that may contribute is the width of the nuclear charge
distribution, WZ.

be corrected. The points labeled ''2'" and ''3'" show these corrections

To take this into account the observed points must

for W,, equal to 2% and 3%, respectively, and the lower line gives
the value of K for the average of these. It may be noted from Fig. 40
that the two high pressure points lie on the straight lines reasonably

well if WZ = 2%. This indicates that K is reasonably energy inde-

pendent, at least down to about 50 Mev if WZ is found to be sufficiently

small. The lines from Fig. 40 are reproduced in Fig. 41.

B. Multiple Scattering:

The width due to multiple scattering in the gas and in the
windows was calculated using standard multiple scattering theory,
such as is presented by Mott and Massey (1949), and the results are
shown in Fig. 41. The dependence of the window scattering on pres-
sure arises from the fact that the latter determines the fragment
energy which strongly affects the former. The energy also has a

strong effect on the gas scattering.

C. Velocity Dependence of the Quantity €/v:

Since fission fragments have a relatively wide velocity distri-
bution (Cohen, Cohen, and Coley, 1956) the resolution would be ad-
versely affected if e were not strictly proportional to v. This effect
was investigated using the data of Chapter 2 and found to contribute
no more than 1/2% to the width.
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D. Source and Detector Size:

The width of the uranium source contributes a width of 0.8%
to the resolution, and the width of the strips into which the detector
foil was cut contributes a width of 0.9%. These widths could easily
be reduced at the cost of intensity., Their combined contribution,
plus that discussed in the preceding paragraph is shown by the
horizontal line at W = 1/3% in Fig. 41.

E. Nuclear Charge Distribution:

The contribution to the width from the nuclear charge distri-
bution is not known. The measured resolutions can therefore be
used to obtain it. The combined contributions to the width from all
other sources are shown by the line labeled Wz = 0 in Fig. 41. The
other lines show the total resolution expected for Wz =1, 2, 3, and
4%. Comparing the observed resolution with these curves indicates
W, =2.1%0,3%.

The error assigned assumes no uncertainty in the other factors
affecting resolution. The only one of these factors which is somewhat
uncertain is the multiple scattering. The calculation of that quantity

Z

assumed that the full nuclear charge of the fission fragments is
effective, whereas electron screening might somewhat reduce this.
Such a reduction in multiple scattering would destroy the agreement
with the high pressure points in Fig. 42, but these are also quite
sensitive to the range-energy relations points. In the most extreme
case where the multiple scattering is assumed to be negligible, WZ
is increased to 2.8. To take this uncertainty into account the

earlier result is revised and the error increased to give

W, =2.2%0.6% (6, 6)




6,4 Nuclear Charge Distribution of Single Mass Fission Fragments

In order to interpret the result for WZ’ it is necessary to deter-
mine the dependence of HP , or equivalently, of eon Z. Ifitis

assumed that
e Z" (6,7)
differentiation gives

Wz

‘e Z

_be _ nAZ (6, 8)

For mass-97 fragments, which were used for the data in Fig. 41, the
value of Z is about 38,

An approach to the determination of n is to obtain it empirically.
Assuming the dependence of e on v and Z to be strictly separable and
independent of m, and assuming the dependence of € on v to be

strictly linear, (6,7) and (6,1) give
Hp z%/m = constant (6,9)

where the constant is independent of mass, nuclear charge, and
velocity. Table IV shows the measured most probable values of Hy
for mass 91, 97, and 133 fragments in He at two different pressures.,
Using this data the product in (6,9) is computed for various values
of n. Satisfying (6,9) for mass-91 and -97 fragments requires

n =0.35and n = 0,22 in the two cases. Satisfying (6,9) for the
average of the two light fragments and the heavy fragment frequires
n = 0, 50 in each case,

Weighing these results together with the theoretical value of
Bohr, a value of n is selected as 0.42 + 0.08, Inserting this in
(6,8) with Z = 38 gives

(1.1 £0.2)

WZ = ———1—0-0—-—— AZ (6,10)
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Inserting the experimental values of W, from (6, 6) gives

Z

AZ = 2.0%0.6 (6,11)

as the width of the nuclear charge distribution for mass-97 fission
fragments. Although the data is somewhat less complete, approxi-
mately the same result is obtained for mass-91 fragments. Since
the sum of the charges of complementary fragments must be equal
to 92, the result (6,11) must also be valid for heavy fragments.
This result is in general agreement with determinations from
shielded isotope yields and gas sweeping experiments (Whitehouse,
1952). Those results require the application of a rather tenuous
theoretical analysis, so that it is gratifying that the method de-
scribed here, although based on a completely different approach,
gives approximately the same result,

The result (6,11) is in strong disagreement with the theory
of Brunton (1949) which predicts very wide nuclear charge
distributions. In spite of the many assumptions, it is extremely
difficult to see how the data presented here can be reconciled with a
width larger than about AZ = 3,5,

6.5 Performance of the Fission Fragment Mass Separator

In addition to the data discussed above with He gas, measure-
ments were made with HZ’ air, and A. Hydrogen appeared to be
slightly less favorable than He, and air and A are considerably
worse. It thus seems that the performance with He at about
20 mm Hg pressure is about optimum. With source and detector
size, and windows optimized, this should give a resolution near
mass-97 of about 3.3%, which corresponds to about 4.5 mass units.
While this falls somewhat short of what might be desired, it is still

very useful for a wide variety of experiments.
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TABLE IV

Empirical Determination of n

p = 5mm - Hg

T

3 H /0 z® /M (x10“3) Best

M H (x10 7) n=0,3 n=0.4 n=0.5 n
91 904 28.9 41.3 59. 1 o
\ 97 939 28. 8 41.4 59.8 0.35
133 1112 27.0 40. 1 59.3 0.50

p = 20 mm - Hg

_3 H z%/M (xlo‘3 Best

M H (x10 7) n=0,3 n=0,4 n=0,5 n

‘ 91 858 27.5 39. 3 65. 2

| 97 904 27.8 39.9 57,5 0.22
1 133 1065 25.9 38.3 56. 7 0.50
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CONCLUSIONS

The studies discussed in this report may be divided into three
categories. These are the interaction of fission fragments with mat-
ter, analysis of long range light nuclei from fission, and capabilities
of a magnetic fission fragment mass separator. The principal results
and conclusions may be summarized as follows.

The equilibrium charge studies of median light and heavy fission
fragments cover a wide range of fragment velocity in contrast to pre-

a,b, 1951) which were made at

vious studies {L.assen, 1950
approximately initial velocities of each group of fragments. The
equilibrium charge data of Fig. 13 are the first that have been reported
for single mass fission fragments. The absence of structure in the
results obtained, especially for single mass fragments, demonstrates
the influence of nuclear charge distribution on the measurements,

The suitability of CsI{T1) crystals for scintillation detection of
fission fragments has been demonstrated by the monotonic increase of
specific fluorescence as a function of specific energy loss. The
feasibility of scintillation detection of fission fragments in a high back-
ground of gamma and beta radiation has been demonstrated by the data
obtained with the very thin crystal used for these studies.

The energy vs range data obtained for fission fragments includes a
much larger number of stopping materials than have been previously
reported.

It has been demonstrated that the long range particles from fission
have the same momentum to charge ratio and range in aluminum to
energy ratio as alpha particles. This supports the evidence of previous
investigations in which either ionization chambers or photographic
emulsions were used. No fine structure was found in the energy
distribution of the long range particles as determined by the magnetic
analysis method which provides much better energy resolution than the
previously used techniques for studying the particles.

Studies of the capabilities of a fission fragment mass separator have

shown a resolution limit of 3.2% for mass-91 or -97 fragments of which
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2.2% is the result of nuclear charge distribution of single mass fragments.
From the study of the dependence of equilibrium charge on the nuclear
charge, the full width at half-maximum of the nuclear charge distribution
of single mass fragments was found to be 2.0 * 0. 6 units.

These are but a few of the experiments for which the magnetic
fussion fragment spectrograph is well suited. With optimum conditions,
sufficient resolution is achieved to determine the lengths of the various
fission fragment decay chains. This in turn gives the average nuclear
charge division between the two fragments in fission. This quantity, which
is very important in fission theory, is only poorly known.

Mass identification problems may be resolved in a very simple
matter with this separator. As a particular example, the masses of the
strontium isotopes between atomic weight 91 and 97 are not well
established. The masses of delayed neutron emitters could also be
determined, and for the first timme the various emitters could be separated
and studied individually. By use of time-of-flight techniques, the neutron
energies could be accurately determined.

This technique should open up many new possibilities in the study
of decay chains. Prominent beta and gamma rays can be detected with
greatly reduced background and their grow-in and decay can be followed.
Short lived isomers can be detected, identified, and studied. It would

seem quite interesting to investigate some of these possibilities.
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