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INTRODUCTION AND CONCLUSIONS

This paper treats the emissions from the reactions occurring in nuclear
A AYAC .
weapons, specifically the neutrons,/\\- rays, X~rays, and electrons

emitted during the course of a nuclear explosion. The basic physics of

the processes leading to these emissions — fission, inelastic scattering,
interactions with orbital electrons and others — is discussed qualitatively
so that a good understanding of what occurs in nuclear weapons may be
gained. \

In most instances semiquantitaiive estimates also are made of

the number, energy, and energy distribution of the emissions.

Clearly in weapon performance research, and in nuclear weapon efflects,
it is these outputs of the nuclear weapon which are relevant. In past
work emphasis has usually becen placed on the emissions carrying the
major fraction of the energy of the weapon such as the thermal X-rays,
or on some particuzlaa“fwe\mission useful for a special diagnostic purposeA
such as the prompt X-rays indicative of the neutron multipljcation rate,
or on an output important in a damage effect such as the fast neutrons for'.
neutron heating of fissile material. In contrast, this paper attempts a
systematic listing of all the emissions from the major reactions with the
hope of stimulating ideas concerning their importance in various possible
applications, As a consequence, even very minor processes have been
recorded, often with no further point than to show that they are indeed
negligible for all conceivable épplications. As the method of approach, .

the events in each major type of reaction are ordered in a careful timse

sequence thereby reducing the probability of omitting any specific weapon
output,

t
il
I

Section 1 of this paper discusses the y~-rays both from fission and from -
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other nuclear reactions in the weapon. Since the reactions leading to

y-rays often are accompanied by X-rays due to disturbances in the
orbital electron shells, these specific types of X-rays are also treated
in this section. Neutrons are the subject of Section 2, including neutrons
from fissioi, from thermonuclear reactions, and frorn' reaction scat-
tering. Section 3 treats the electrons emitted during.the reactions, not
merely the 8 decay electrons but the eiectrons due to compton scéttering
of Y-rays, to internal conversion, and to a variety of other minor re-
actions. The major results are summarized in tabular form in the two

tables at the end of the paper. In each section an outline is given of

some of the weapon diagnostics, phenomena, and effects related to the

specific weapon emission.

Since the purposc of the paper is' largely didactic, the numbere quoted
are iypical, or of example, ‘ and are not intended to be the last word in
accuracy. Particularly for the non-fission reactions which can take
place with a large number of nuclear species, the numbers for energy
and spectrum are not given for each species, but for a representative
one, and large factors of difference may be expected in specific cases.-

The 'discussions in the body of the paper seek to point this out. Moreover,

fission has been discussed in generic terms, obliterating the distinctions

235 239
u

238 . :
between U , P and U fission.

The fission reaction occupies the major portion of the discue'sion in this
paper, because so many phases are involved in its description, starting
with the ingestion of a neutron to form. a compound nucleus, through the
formation of two daughter nuclei, to their separation and sul;aequent radio-
active decay. A time table has been made for these phases which is sum-
marized in Table I. In this table the origin of time isg the ingestion of~ .

the incident neutron. However, because fissions occur over a long period

‘“-1:.‘*




of time in the d'evelopment of the nuclear explosion, later phases of one -
fission overlap with the e:arly phases of another. The useful time reso-
lution in discussing the outputs of the weapon duc to the fission rez;q‘tion _
therefore is related to the time scale of the weapon. In early stages this

is the neutron multiplicarion time or thermenuclear burn time, of the orde.x_',
of 10~ seconds, while in later stages this is the hydrodynamic expanéion‘
time, of the order of a few times 10-7 sec. Time intervals less that

10”7 sec. therefore are specified only roughly to give an ordering of t};e '
_events and to estimate relative probabilities of competing reactions. It ;
appears however that there is'a significant quiescent pexriod in the reacti.ons

-

following fission from the tirme that the prompt reactions cease, after,

~-13 :
say 10 sec. until the time beta decay reaches an appreciable level,

-3
say 10 ~ sec. This period spans the disassembly time of the bomb,

In the discussion of fission, we have tried to follow side reactions of
lew probability ur of minor energy release in a systematic way, in case
the products might prove important in some as yet undiscovered diag-
nostic or effects appli'cation. Particularly the possibilities of the ap-
pearance of most of the enormous energy of fission in channels othef than
the kinetic energy.of the daughter nuclei were explored. No possibility

for concentrating this energy into neutrons was found. However, two

processes causing this energy to be given to a Y~-ray or X-ray are dis-
cussed, the coherent oscillations of the daughter nuclei resulting in a
giant resonance type of radiation, and the acceleration radiation from the
daughter nuclei on separation. Afbeit with small probability, these pro-~
cesges arce capable of giving very much higher energy y-rays than are
usually considered in the treatment of fissian. Exﬁerimental confirma-

tion of these possibilities is lacking at present.

Painstaking attention has also been paid to the-electrons accompanying the

fission reaction. In addition to the beta decay electrons which only appear

R A T
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at late times in the explosion history —indeed after complete dis- ]
assembly of the weapon and widespread distribution of the bomb debris..‘
there are a few prompt high energy internal conversion electrons and
very many low energy electrons from a variety of atomic rather than
nuclear processes which ionize the orbital electrons. While such
electrons when created during the xﬁain. fission reaction can scalrcely s
ever be emitted into the cutside world, the corresponding electrons

from later fissions when'the weapon has disassembled to some extleut, o
can. This occurs during the otherwise quiescent period of the main fission
reaction and even small‘numbers of electrons may therefore‘ be of sig- -
nificance. These later electrons can, for example,‘play a role thevefore

in anomalous injection of electrons into the magnetic field in high altitude
explocsions,

Whereas no mechanism was found by which hish energy neutrans could
be produced from fission, several possibilities are discussed in'con -

nection with other bomb reactions. First there is the well known high
energy end of the '"14 Mev" DT neutrons due to center of mass motion

of the reactants in a thermal distribution. Second is the neutrons from

the DT reaction involving non-thermalized T giving even higher energy‘.v
Lastly there are neutrons which have been scattered {rom a fast proton,
or even from another fast neutron, and have gained energy in the en-
counter. Neutrons are a well recognized diagnostic tool in the study of
weapon kinetics, and the high energy tail of the spactrum will give the '
purest ty’pe of information, The small numbers of neutrons from these

processes do not appear to be important in effects, since-they are over-

whelmed by the bulk of the neutrons at the peak of the energy distribution.

Copious numbers of X-rays are formed in many phases of the fission re-

action and other reactions in weapons. In similar fashion to the low

et

.
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energy electrons, the early X-rays usually will not get out of the bomb,
but those emitted after partial disassembly will. No specific signature
was found for these X-rays which would make them useful for diagnostics,
and the bomb thermal X-rays emitted at the same time will no doubt over-

whe Im them in any effects.

[l

Some of the material of this report is explained in more detail in separate

papers on each of the emissions:

y~rays

"Prompt Gamma Rays'!, by David Saxon, EHPA No. 55148,

prepared for DASA, Unclassified

B-rays : R
"The Beta Spectrum From Nuclcar Wcapons!, by Wendell Horning,

Bob Hunter and Don Lynn, EHPA No. 55634, prepared for DASA,’ S-:RD .

Neutrons

“"Theory of Fission and Fusion Neutron Spectra', by Igor
Alexandrov, EHPA No. 55428, prepared for DASA, Unclaasified - .

Weapon Outputs

"Prompt Emissions From Nuclear Weapons' by Olen

Nance and Harris Mayer, EHPA No. 55650, prepared
for DASA, S-RD ’

It is a pleasure to acknowledge the help given by the authors of these
reports in stimulating this paper, and to Dr. John Wagner for his review
of and helpful additions to the final maﬁuscript'._ Furthermore, the analysis

of the effects of changes in nuclear spin on.the orbital electrons, given iAn"

Appendix A-3, is due to Dr. William Ramsay, whose cooperation in

various discussions of the nuclear mechanisms is appreciated.
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SECTION 1

GAMMA RAYS AND X~RAYS FROM REACTIONS IN NUCLEAR WEAPONS

The principle classes of nuclear reactions producing y-rays in

nuclear weapons are

35

1. Fission in fissionable nuclei, principally UZ )

23 2
\ 8, Pu 39.

2. Neutron capture in weapon materials, for example

23 2
U8 (n, vy U,

o .
3, Reaction or inelastic neutron scattering in weapon

materials, for example U238 (n, nY) UZ?’B,

14
C14 {(n, n )C .
4. Specific reactions in thermonuclear fuel, for example

1 3

. 4
H + H =He +Y.

These reactions as sources of the y-rays and associated X-rays from

the atomic electrons will be treated in successive sub-sections.

1.1 The Y-Rays Associated with the Fission Process

In this section the sequence of events that follows when a neutron hits

a fissionable nucleus is outlined, with emphasis on the Y-ray productioﬁ.
Wé shall try to explain the times in the sequence at which Y-rays are ..
emitted and the Y-ray energy. Our purpose is to trace very carefullsr '
the time variation in the y-ray production, since the y-ray rate is'an’
important diagnostic tool for nuclear weapon performance, and is re-
lated to damage and interference weapon effects. The sequaﬁce of

events is as £ollows:'
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1, 1.1 Compound Nucleus Formativa

A neutron hits a fissionable nucleus and with a certain probability is

incorporated intc a compound nucleus in an excited state.

-1, 1, 2 Alternative Modes of Decay of the Compound Nucleus

The excit®d state may emit a neutron, returning to its ground state — )
a process termed capture elastic scattering; it may emit a neutron in
a transition to a lower excited state — termed inelastic sca lering; it
may reiain the peutron and emit the excitation ehergy of the compound
nucleus in Y-rays, singly or in cascade, — termed radiative capture;

or it may decay by fission. Each process has its characteristic proba'-:

bility, depending upon the fissionable nucleus and the neutron energy.

1. 1.3 Daughter Nuclei Formed before y-Ray Emission

It is known experimentally that y-rays accompany fission. However

it is extremely ilnprobable that a y-ray will be emitted by the com-

pound nucleus before fission. If there is sufficient excitation energy

for fission to cccur with reasonablé probability, the fission mode of
decay will prevail over the Y-ray mode, because of the relatively
poor coupling of the nuclear energy with the electromagnetic field. Be-

cause of the small coupling, typical times even for strong Y-ray dipole

L . . . ~15
transitions in nuclei are about 10

sec, while typical times for
35 .

: 2 23
neutron induced fission in U -and Pu 9

are about 10-?'0 sec. In con- ;
trast, if there is sufficient excitation energy for fissicn to overwhelm
Y~ray emission, 6o that a Y-ray is actually emitted first, the residual
state of tho compound nucleus will have even less excitation and so Emall
a probability of fission that it may be neglected in weapons discussions.

The conclusion is, therefore, that fission occurs before y-ray emission,

or not at all.

-7 -
A 2 HY e
nov ] 1 AT R4 !

o
a R 2R ] e v



[~ T Lt T oy N g E E F‘ -vE ;E-

1. 1.4 Electrostatic Repulsive Energy of Daughters not Available

for Yy~-Ray Emission

We will treat the theory of fission according to the liquid drop model,
‘which, at least in its general features, is still regarded as applicable.
During fission, a configuration is reached in which two ai'atorted daughter
nuclei are formed but have not yet moved aphkrt, somewhat as illustrated
in the sketch Figure 1. The question is, whether the y~-rays are emitted
at this stage, or are produced even later. At this time the full energy
of fission, about 200 Mev, is released, buf
is not available because most of it is al--
ready in the form of electrostatic energy

of repulsion of the two daughter frag-

ments. Immediately after fission the

centers of the daughters are separated-
-12 ) . .

Figure 1 by about 10 cm. By the time this

separation increases tenfold to about

107

cm, 90 percent of the eclectrostatic energy has been converted
into kinetic energy of the fragments, and little will be available for

. . . - . =20
conversion into other forms. The additional ceparation takes only 10 .

seconds, insufficient for noticeable Y-ray emission from the usual one '

particle states.

1. 1.5 Coherent Oscillation for y-Ray Emission Before Separation of

Daughters

—

It is possible, however, to have enhanced Y-ray emission due to a co-
herent motion of the charges. At the moment of fission, there iz a
preponderance of protons at opposite ends of the distorted nuclear drop,
as indicated in Figure 1. After separation, there lcan be a coordinated
oscillation of the displaced protons from exnd to end of a daughter nucleus.

* . - £3 .
If Z is the number of excess protons initially at one end, then the one

. 8-
M!‘n;‘_
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particle y-ray emission probability will be increased by the order of
Fe2 3¢
Z . The limiting value of Z is about 60, the full number of protons

. %
in the more massive daughter. A more reasonable estimate is a Z

of about 10 or less. As a result, Y-ray emission times will probably

. -15 -
be decreased from the one particle value of 10 17 a

sec to 10 nd

. . a -19 . s . '
certainly to no less than 3 x 10 seconds. , Thereifore, by compari--

. . . . ~-20 L
son with the effective separation time of 10 sec of paragraph 4, it

appears that some contribution to y-ray emission by this mechanism is
possible, but likely to be small. This coherent oscillation is of the same

rdinary
nuclei.

This mechanism might be important because a great deal of the total
fission energy is available at this time for conversion into y-radiation,
and indeed a many particle transition of the type discussed could release

much of this energy in a single hard Y-ray. Since, however, fission

occurs in many modes, as seen by the broad mass distribution of daughter

fragments, one does not expect the Y-rays to have a single energy or aven
A

a small group of energies but rathér a broad distribution. It is not known

by the authors whether ‘or not this mechanism is consistent with the ex-

perimentally observed spectrum of y-rays from fission. If these y-rays

are indeed present in the estimated guantity, their obhservation would he

borderline in the usual experimental arrangements,

1. 1. 6 Radiation Duc to Acceleration of Fission Daughters

‘The acceleration of the daughter f;-agments on separation may also give
rise to Y-ray emission by the purely classical effect. This pruuest.s is
quite analogous to Bremsstrahlung, but massgive nuclei are invoved in

acceleration, rather than light electrons in deceleration. To a large

extent the radiation from one daughter fragment is cancelled by that of
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the other, since the motion of the two fragments is coherent. In sym-
. - - . ¢

metrical fission, for example, there would be no dipole radiation at all

caused by this mechanism. Unsymmetrical fission being the rule, rather

than the exception, however, one would expect to find acceleration radiation

due to the net charge difference of the daughters. The energy radiated is

estimated by classical formulas in Appendix A-1. There it is found to -

- 2 N
be E = .78 x 10 mec or only 4 kev, which is quite negligible. A refined

treatment of this process is thus unnecessary.

1. 1.7 Prompt Y-Ray Emitted After Neutron Boil-off

Although the major fraction of the fission enexgy is converted into the

-20
kinetic energy of the fragments in a time of the order of 10 seconds,

an important minor fraction remains as nuclcar cxcitation of the daughters.
Most of this excitation energy is used in boiling-off prompt neutrons from

the daughters, since,when encrgctically possible, the emission of a neutron

is favored over Y-ray emission., On the average each daughter cmits

2 L2 .
1. 25 neutrons in U 35 fission, and 1.5 in Pu 39 fission, each ncutron

taking away about 6 Mev binding energy and 2 Mev kinetic enexgy. After
the final neutron is emitted, the excitation of the remaining nucleus should

be below threshold for further ncutron emission, that is, less than about

6 Mev. Indeed all values of residual excitation up to this maximum arc.

-

possible and about equally likely, so that thé average excitation is about
3 Mev. This excitation energy is then emitted in the form of Y-rays, by’
isomeric transitions, usually in cascade, to the ground state of the

-15
nucleus. Emission times range from 10

seconds at the shortest, to
-14

-o.=13
the more likely values of 10 or 10 seconds, The total y-ray energy
emitted this promptly is about 3 Mev per daughter, or 6 Mev per fissiop.
Furthermore, it is very unlikely that any single Y-ray will have energy

above 6 Mev, for with that much energy available, neutron emission is

possible. A few photons are observed experimentally above this energy;

the theoxgetical explanation of these is not cleax. Because of the cascading,
BRI
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the mean energy of the V's will be only 1 Mev. Furthermore, because of '
the *statistical nature of the emission, which comes from a distribution »

of daughter fragments, with each single daughter containing a distribution of .
nuclear erergy levels’'from whichsthe Y's can originate, the energy spectrum

of the Y's should be very dense.in lines forfning a Poisson distribution but .

with an energy cut off at abo it 6 Mev. Experin’ientally the Poisson distri-

bution is indeed reproduced up to about 6 Mev, ‘and the number of y's

above this energy is mmuch less Lhal a simple continuation of the P'ois:;;o‘ﬁ
distribution would give. - ' o

1. 1.8 Angular Distribution of Gamma Rays

The line of centers of the two daughter nuclei forms a preferred dire(:ltilor} ’
in space, and it is therefore possib'le that the angular distribution of the.
Y-rays from a fission is not spherically symmetric. The theoretical .
arguments are too vague tc be conclusive. On the one hand, as menti_oﬁéd~ :
in the paragraph on coherent motion of the protons during the early stage
of daughter separation, the protons initially will tend to osc‘illate along’.

the line of centers, if not in a collective state, at least in crz particle
states. The dipole radiation from these protons will have the vypical
angular distribution concentrated at right angles to the proton motion.
On the other hand, Y-rays aré’emitted after a neutron is evaporated
from a fission daughter. - The neutron transition causes the nucleuslih
some measure to '"forget" its inode of formation, and subsequent y-rays

.emission should be spherically symmetrical. " An experimental resolu~

tion of this question is raguired.

1. 1.9 Doppler Effect

Being emitted by the fission daughters after the daughtcre have gained

their full velocity, ~1 09 cm/ sec, ‘the Y-rays should be doppler shifted.

Observations along the line of centers, then, would show a slightly greater
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energy spread to the Y's, about 5 percent greater, than observation at

right angles to the line of centers.

1. 1. 10 Quiescent Interval Until § Decay

After emissioﬁ of the prompt neutrons and immediately following the

Y -rays, the fission daughters drop to their ground state with insufficient
energy for further heavy particle emission. Nevertheless, they are very
far from the stability curve of the stable nucleids, since they are still
neutron rich for their mass number. This defect is rectified by f dec'a.y.,
which effectively converts a neutron into a proton in the nucleus. But,
because of the very poor coupling of the nuclear particles with the
electron-neutrino field governing beta decéy, the transitions are slow.
Mean life times of the nuclei against beta decay are no shorter than
10-3 seconds even for the most energetic betas likely, and the actual
decay times are probably considerably longer. Therefore there is

a quiescent interval in the history of the nuclear reactions of the fission
fragment, from about 10-1 seconds when (except for some forbidden .
transitions) the Y-ray emission is complete until at least 10—3 seconds -

when beta decay occurs and further nuclear reactions may follow.

1.1. 11 Prompt X-Ray Emis sidn Following Fission

Although nuclear Y-rays are very improbable from about 10-13 seconds
after fission until the onset of B decvay in the fragments, in ;the interim
electromagnetic énergy can be emitted by the rearrangement of the orbi~
tal electrons of the fissioning atom, a process which aventually fills up
the orbitals of the daughters. The svurce of this energy, which will e
emitted as soft X~-rays, is the kinetic energy of the daughters; therefore
a very large amount of energy is available. The coupling acts through:

the Coulomb field between orbital electrons and the nuclear charge, a

strong coupling. However, as will be discussed, only a very small

o S . -12-




fraction of the kinetic energy is converted into X-rays, essentially be--

cause of the difficulty of transfer of energy from the massive nucleus to.':

the light electrons. Therefore this source of X-radiation does not appear

to be significant in weapon discussions.

a. Effect of Nuclear Deformation

It is known from the isotope shift in the heaviest elements that the

electron energy levels of the s electrons in particular depend slightly

upon the nuclear structure. In the first stages of fission when the nucleus
is deformed, but not yet separéted into daughters, the change in the :
nuclear configuration from the original must be large compared to that -
between two isotopes, Furthermore the change occurs suddenly compé.re‘gi .
to the period of the orbital electrons. In such a sudden perturbation, t:;;’xn:-
sitions of the electrons may be induced, leading to a vacancy in the K -sheli
to be filled later with accompanying X-ray emission. The probability o.f.
such transitions, however, is necessarily small, since the orbital wavg'
functions before and after the deformation are so similar, ‘Indeed, except
for normalization, the wave functions outside the nucleus are essentially
the same, and that region of space contributes all but a fraction uz(qz)'% .
of the overlap integral which determines the transition. The transition
probability is of the order of the fractional change in effective nuclear

volume multiplied by the above.fraction, a negligibly small quantity,

& .
b. Ejection of Outer Electrons as Daughters Separate: Sudden

Approximation

When the daughter nuclei begin to separate, the orbital electronu.'ﬁnd
themselves id a changing electrostatic field, varying from the initial
Coulomb field of the combined nuclei to the final two-center field of
the separated nuclei, ‘

For the outer electrons of the fission atom, this . -

change in field is sudden compared to the period of the electrons, and

[ PRV OIS . ]
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the sudden approximation for treating the process may be used. The"

fission fragments have velocities of the order of 109 cm/sec. Any

orbital electron with mean velocity less than 1[)9 cm/ sec, corresponding -
to a kinetic energy which is numerically equal to a binding energy of about

300 ev, is unable to change its orbital motion quickly enough to adjust to -

the changing nuclear field. According to the sudden approximation such

an electron will, with probability close to one, make a quantum transition

to an excited state which is most probably an ionized state of the fission

daughter. Each daughter will therefore be ionized down to the level of

about 300 ev binding energy so that about 15 clcctrons.are rﬁissing, an(i

X-rays will be emitted as these cuter shells are subsequently filled. The

X-rays then have less than 300 ev energy cach, while the total photon .
r

energy per fission from this source is about 5, 000 volts.

¢, Rehavior of Inncr Elcctrons: Adiabatic Approximation

Electrons with binding energies greater than about 300 ev, in contrast

to the case just discussed, can be expected to resist fission-caused

transitions to new states. One can visualize that the inner uranium -

-electrons move so fast that they can, by a slight change in orbit in each

period, adjust to the new orbits required around the daughter. Mathe-
matically, they obey the adiabatic approximation; the daughter electron-
shells to first approximation are. filled by electrons from the uranium

orbitals oi proper symmetry withoutany quantum transitions.

Of course, there are not enough electrons in the fissile atom of the

proper symmetry to {ill up all the orbitals of both daughters; the lower
shells are filled, but aBove a certain point there will be vacancies, even

in the strict adiabatic limit. These vacancies will probably begin to

[

PE2ar in the 4g daughter shell, -just about at the limit of applicability
of the adiabatic approximation. The photons from later filling of these

-14 -
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vacancies will then be of relatively low energy.

This adiabatic approximation will, in fact, not be exactly valid, so there

will be some transitions induced by the changing field of the separating

daughters. In analogy with the Landau-Teller theory, the transition proba-

bility for an electron of orbital velocity Ve caused by a velocity of the daugh-
ter nucleus V__ will Be

N
v
P=1— exp —-\V——— v
E E

Therefore about 4 percent of the K electrons will be displaécd, leaving ~
vacancies which later produce hard X-rays of energy about 30 kev. The 4
total energy from the average number of spaces left in tho 4K clc‘uljrdn
positions of the two daughters is ~5 kev. The X—'rays from L shell ‘

vacancies will be softer, but thcre are more positions to vacate and a

‘higher probability of quantum transitions so that the total X-ray enei‘by

for the shell will be even greater than for the K shell. For a shell of"

principal quanturn number n, the clectron velocity VE =« 1/n so t.h‘at the:
probability of ionization P« n. There are Z.nZ electrons in the shell

each with binding energy proportional fo l/n2 so that the energy in X-
r.a.ys per shell will be Enxx _1_2

n

. 2 ) . . .
x 2n P ® n, The L shell therefore con-

tributes about 101ev, and in all there will be -about 30 kev of X-rays per.
fisgion from this source.

The adjustment of electron orbitals, and their quantum transitions, 'take‘

place essentially in the transit times of the daughter nuclei through the

~-17 A
dimensions of the atom, about 10 sec. The subsequent emission of

. ~13
K-rays occurs slowly compared to this, about 10 gec or longer, and may
therefore be considered as an independent process. The rata of X-ray

emidsion is then given by the ordinary exponential decay law with the

[ By
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mean life of the excited atom against radiation.

1. 1,12 Delayed Gamma Rays Following Beta Decay

At this point, all the electromagnetic energy which accompanies the
fission of an atom up tc the time that beta decay occurs in the daughters
has been categorized. There is a significant time gap between these

radiations and those emitted following the beta decay, significant because

of the nuclear weapon dynamics. The energy discussed thus far is all

emitted during the period of the main nuclear reaction in the weapon

{except for a small amount due to delayed fissions) when the weapon has L

not disassembled appreciably. As a result, only a few percent of the

gammas and essentially none of the X-rays get out of the weapon. In con-
trast, radiation cmitted after the beta decay occuys at a time when dis-
assembly is complete, and all such radiation gets to the outside world.

The later radiation is therefore relatively more important for external
efiects.

In the beta decay of a fission daughter it is equally likely that the nuclide

- formed in decay will ox will not be in an excited state. De-excitation then
follows, usually by gamma ray cmission, and again usually in cascade. .

These gamrna rays will have energies in the range from a tenth to a few

Mev, with a mean of about . 5 Mev obtained from a statistical treatment

of the level schemes of the daughters. ‘The total energy in gammas is

also of the order of the total energy in the betas, a result w}'zich is reason-

able considering thevwide variety of daughter nuclides formed in fission,

These coneiderations are indicated by the followixig decay scheme diagram,

(Figure 2).
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1. 1. 13 X-Rays Following Beta Dccay

During process of beta decay, a side effect on the atorri, the ejection of

an orbital electron, sometimes occurs.,

The vacancy will then be filled

by transitions of outer electrons, a process resulting in X-ray emission.

Since the beta particles almost always have higher velocity than even ‘
the K electrons of the daughter atoms, the transit of the beta through

the atomic system may be considered in the sudden approximation. The-

atomic electrons will not be able to adjust their orbits adiabatically to
the changing electrostatic field of the nucleus plus the beta,' but occasion~-

ally will undergo gquantum transitions. Actually there are two related

sudden effects causing these transitions. In the first, the beta particle
moving rapidly through the atom generatcs an electromagnetic pulse
which can cause excitation or ionization similar to that occcurring in the
photoelectric effect. Although this process has been treated in the

literature, we have not made an estimate of its magnitude. The socond

effect is due to the sudden increase by one unit of nuclear charge of the

nucleus, and this change may cxcite the orbital electrons.

The probability that a K electron will be excited is calculated in Appendix

oo 2 2 .
A-2. There itis found that PK ex T 3/(42" ) per K electron, which

is about 0. 1% for one K electrons of one fission daughter. The cnexgy of

. 2
the X-ray emitted by a transition filling the K shell vacancy is about Z

Rh ¢, so that the total energy per §8 is just 2(3/4)Rh c or about 20 electron

volts., Higher shells will contribute comparable amounts of energy to the

2
X-rays, since, although the energy of the transition decreases as l/n ,

2
the number of electrons per shell increases as 2n-, and the probability

of excitation is independent of n. Altogether, therefore, one may ex-

pect about 100 volts of X-rays per beta having an nergy distribution up
to about 15 kev.

g o \N‘
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1.2 Gamma Rays and X-Rays from Neutron Capture

1. 2.1 Compound Nucleus Formation and Gamma Ray Emission

At energies below about 6 Mev, neutrons captured by a nucleus share A
their energy with many other nucleons, forming a true compound
nucleus with relatively sharply defined energy levels. De-excitation

.procceds cither by yeray cmission or by ncutron emission. : '

a. Y-Ray Emission — Preferred at Thermal Energies

For incident neutrons of low energy, from room temperature thermal
up to a few kilovolts, the decay of the compound mucleus proceeds by way
of Y~ray emission predominantly, there being so little energy available -

.to a neutron when emitted that only a small volume in phase space 'is

accessible, Capture cross-sections aften vary as 1/" in this energy region.

The total energy available for Y-rays. is the binding plus kinetic energy
of the incident neutron, about 7 Mcv. Therefore no y-rays of cncrg;r -
above 7 Mev are to be expected. In fact the y-rays are emitted in

cascade, the most probable encrgy being the mean spacing of levels of,

the proper symmetry. in the compound nucleus. Light elements have
widely spaced energy levels, so that energetic Y~rays may be expecte'd..
A smiliar effect is noted for closed shell heavy nuclei, such as szoa.

A For t.he medium and heavy elements in general, howevef, the level

density is high, and the mean energy of the Y-rays is about 1 Mev.

b. Neutron Emission — Preferred at Iligher Energies

Above a few kev, the phase space available for the re-emitted neutron
is large enough so that'this process competes with and wins out over
Y-ray emission. « The radiative capture cross-sections for fission energy

neutrons range from a few hundredths to a few tenths of a barn, increasing

- 19 .
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with increasing mass number through the table of isotopes. Total energy

and spectrum of the Y~rays are determined by the same considerations as

in thermal capture, and the resulting Y-ray spectrum is therefore in-

sensitive to incident neutron energy.

l. 2. 2 Direct Radiative Capture

At energies abovk a few Mcv, and in particular at the 14 Mov rnergy range

characteristic of the thermonuclear neutrons from the DT reaction, the

incident neutron does not share energy with many nucleons of the capture

‘nucleus. .Instead, it forms a single particle state which then makes a

direct transition to a lower state. The single particle levels are spacéd'
quite far apart, and even in cascade a typical ¥-ray has much higher
energy than is the case with compound nucleus formation. Even thoug}{

they may be few, then, direct transitions are presumably the source of .

. all the high energy y-rays observed from capture.

1l.2.3 X-Rays Due to Neutron Capture

A neutron added to the original nucleus on capture changes the spin and
the size of the nucleus. .This change occurs suddenly on the time scale

of the orbital _electrdns._ As a result there is a small probability that the

electrons will be excited orx ionized. On de-excitation X-rays are emitted.

X-rays are produced by yet another effect. 'In neutron capture, the
nucleus recoils with velocity 1/{A + .1) times the velocity of the incoming
neutron. For high energy neutrons and light nuclei the recoil velocity is’

comparable to orbital electron velocities, and the electrons usually are

excited as a result. De-excitation results in X-rays whose energies are

usually low, corresponding to outer shell transitions of the order of 100
to 1000 volts.

[ e gy 0 - 20 -




© is leftin its ground state, sc that no y-ray is emitted.

A different source of X-rays dus to neutron capture is the following
indirect process. The excited nucleus may on occasion decay via in-

ternal conversion rather than via Y-ray emission. The hole left in the

orbital shell is then filled by an X-ray trausition. Wherras the mechanisms

described in the above two parzgraphs favor vacancies in the higher shells,
and therefore very low energy X-rays, internal conversion favors vac- .

ancies in the K shell and gives rise preferentially to X-rays of the order

of Z° Ry, or about 30 kev for the average element.

1.3 Gamma and X-Ra!s Following the Reaction Scattering of Neutrans

At incident neutron energies above a few kev, reaction scattering be-~

comes more important than capturc., Often the nucleus sftcr scattering

If the nucleus
is left in an excited state, but below the threshold for neutron emission,

Y-ray de-excitation is the rule, This process is a typical example of
inelastic scattering. For high energy bombarding neutrons, after a

single neutron is scattered a second neutron may be emitted, and usually

leaves some residual excitation, This is a case of an (n, 2n) reaction.- -

Final de-excitation cames about by Y~ray emission here also.

The de-excitation following reaction scattering is similar in nature ta

that following capture, and is determined by the balance of transition
probabilities and nuclear level densities. One important .quantitative
difference, however, ,vis that in capture, the entire binding energy of tha
neutron is av?ilable for Y-ray emission, whereas in reaction scattering

the binding energy is roturned to t.ho emitted noutron loaving only a -

fraction, but usually the major fraction, of the incident kinetic energy

of the nautron available for ‘Y.-ray emission, As a result, the Y-ray spe-ctrur'n
due to reaction scattering prace sses i8 weighted more heavily in the 0to

1 Mev range than the radiative capture spectrum. .

) S21
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The sources, amounts, and energy spectrum of the X-rays resulting from

reaction scattering are similar to those from radiative capture of nsutrons.

1.4 y-Rays from Reactions in Thermonuclear Fuel

yY-rays are not produced by the main line thermonuclear reactions in

typical thermonuclear fuels. These reactins proceed with little kinetic

energy of the incident particles and involve light elements with widely
spaced energy levels, so that usually not encugh energy is available inl
the reaction to. lead to an excited state which may then decay by y-ray
emission. There are, however, some reactions which,. though they have
smai[ probability, do give rise to characteristic y~rays. Particularly. '
a reaction giving an alpha particle as one praduct will release a large
amount of energy because of the relatively high binding energy of the

.oL compared to the other light elements; a capture type reaction will

then produce an energetic Y-ray. Two reactions in particular are

known:
eY p+t T'—— o+ hy, Q = 19.8 Mev.
and ‘
(2) Li'7 + p—> Be'e—, 24 + hy, 0Q = 17.5 Mev,

Measured values give the average cross-section for these reactions

. -2 2

over the 0 -~ 1 Mev range of proton energy as 2 x 10 8 cm
-28

2.4 x 10

and

cmz, relatively small compax:ed to the usual reaction

" cross-sections. The important lowlenergy' portion.oi the cross-section
from 0 - 50 kev has not been measured directly. It is not easy to
extrapolate into this region, since there are two opposing factors. On
one hand, the cross-section should become smaller because in going
from an energy of 1 Mev down to this lower region, one changes from a'.

reaction with enough energy to go over the Coulomb barrier to one which

4
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must tunnel through the barrier, On the other hand the full Coulomb

factor should not be applied to the high energy cfoss-sectlon. because
there is a competing particle reaction, p + T ~———> D + D, which is
suppressed relative to capture. The lattor reaction requires barrior
penetration both on formation and on breakup of the combined nicleus,
whereas the p + T ——— +X and p+ T —-—-—-—>He + n reactiona

need only panetrate the barrier on formation of the combinad nucleaus.

. The low energy values of the cross-gections of reactions (1) and (2) ]

are therefore in doubt at present,

.

1.5 Effects of Prompt Gamma Rays

1, Diagnostic of Weapon Design and Performance

The rate of prompt Y-ray emission is mdxcatwe of ‘the neutron populatxon
within the weapon and therefora may be used as a diagnostic tool of

weapon design and performance, Effects which ma.y be studies to gam

more or less accurate informaticn are:
1. the neutron multiplication.rate,

2. the occurrence of thermonuclear boosting,

4. the relatwe y:eld of simxlar weapons.

1

By collimation type experirhenta which isclate a segment of the weapon,

more detailed information may be gained, specifically,

pod .
) : b4

the geometric conﬁguration durlng nuclear or thermo=

=23 - 2 : '
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2. Atmospheric Fluotgscence ’

The Yerays excite the air to radiate in the Hsibla,‘pi'ddﬁcing the so-
called Teller light. This Hght consistd iainly of the first positive -

band of N'Z- and the first hegative band of NZ+ both in th& blie and the
‘second positive band of NZ in the red. " Different gxpe'rihl)ental measure-~, .
mants give vdlueb of between 1 and 10 pexcent of the absoi‘b'edY-ray
eneigy emitted in the visib'le} 1t has Been agreed to use‘a mean valuqv of .
5%. S

The atmospheric fluorescence is important in diagnostic experimenta'gio;x, N
- and is useful as the garliest extérnal signal of the explosion which may
.'be _employedﬁaa‘a'v_‘t"riggar. for expe rimental spparatus pr damage preventi.on' ’
devices such as eyeburn éhuttere. Also the;‘g is-gufficient intensity. .to o

be a posasible dgngér to sensitive optical _de’vicgs operating near an ex-

* )

plosion.

" 3,. Direct Damage Effects
. N ,' * B

' 1. Total radiatic_m. dosze to sensitive componefxta.

'Z. "R&;te'-' elfec't., that is the effect of y-ray eno rgy delive red
during the pvroper Integration time of the irradiated com-
ponent." )

3. Transient response induced in e‘lectroni.c systemns.

4. Suciden heating effecf due to énergy depositior.x.

(Neutrons and X-rays are usually more effective. )

4. Interfe rence Effects

1. Formation of ionization layers in the atmosphere m';ua;ng

Py ‘ _-‘24 ._
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SECTION 2

NEUTRONS FROM REACTIONS IN NUCLEAR WEAPQONS

The major -cactions giving rise to neutvons in nuclear weapons arc

fission, {n, 2n) reactions, and the thermonuclear reactions such as

D+ T = o0+ n. Inaddition boil elastic and inelastic scattering and

abeorption

ption alter the energy or number of neutrons in the assembly.

2,1 Ncutrons from the Fission Reaction

The steps in fission have been outlined in Section 1 on Y=rays, and they

need be only briefly recapitulated here.

2. 1.1 Compound Nucleus Formation

An incident neutren of low eneryy may be incorporated into the target
nucleus and share its cnergy with inany vucleons. At enerpgics above
about 7 Mev, the incident ncutron may be scatlered inclastically, a
process usually involving only a few degrees of frecdom of the target
nucleus. Cften, however, even after scattering sufficient cnecrgy is

left in the target to excite it to fission. Thic excitalion. shared by many
nucleons, forms:a compound nucleus in a manner similar to the case of

low incident ncutron encrpgy.

2, 1.2 Fission before Neutron Emission

If fission of the compound nucleus is going to occur, it must preceds -~

neutron emission, because the depdrting neutron would deprive it of

the energy necesesary for fission.

2, 1.3 Fragment Daughters Gain Kinetic Encrgy before Neutron Emission

The fission daughters are repclled by strong Coulomb forces, and attain
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their full separation velocity in a little over 10 seconds. This time
is too short to allow the concentration of enough enetgy on a single

neutron to insure its emission from a daughter during the acceleration.

2. 1.4 Neutron Emission from Moving Daughters

The neutron widths of the daughter nuclei are such that the neutrons

are emitted from the daughter nuclei only after the final velocity of

~ 10" cm/ sec has been atlained. Emission from the many level excited
daughter may be considered in a statistical fashion analogous to the '
evaporation of a water molecule from a dropiet by introducing a nuclear
temperature T.. The ene i‘gy distribution of the evaporated neutron ir; the
center of mass system is proportional to |/ E exp - E/kT, and neutron .
emission is spherically symmetric. Usually theve is only sufficicnt
cxcitation per daughter for the emission of one neutron, although oc-
casionally there may be two or three., Therefore, it is possible to have
O,‘ I, 2, 3, 4 and sometimes 5 ar 6 neutrons per fission with the most
prcbable number being 2 or 3, and the average number as determined by .

2 Z3
experiment being about 2.5 for U 35 thermal fission and 3 for Pu .'19

thermal fission.

2.1, 5 The Neutron Spectrum in the Laboratory System

By transforming to the laboratory system and averaging over emission .
directions, one may find the energy distribution in the laboratory system
of coordinates. Theranalytical result is called the Watt spectrum. Fgf
U235 the data can be fitted by the Watt spectrum form by assuming a
nuclear temperature of kT = 1 Mev and a fragment velocity of about IlO9

cm/ sec (corresponding to a neutron energy of 0.5 Mev). An equally

good fit to the data may be obtained by the simple evaporation spectrum .

VE  exp (-E/T). Of course such a formula must be regarded as empirical; -

certainly it is not indicative of emission from stationary fragments.
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2. 1.6 The Angular Distribution of the Neutrons

Since the average encrgy of the emitted neutrons is 3/2kT = 1,5 Mev in
the center of mass system, corresponding to a velocity of about A
2 x 109 cm/ sec, ‘and the fragments are moving at about 1 x 109 cm/ sec
at the time of neutron omission, the angular distribution will poak in a
60° semi-angle cone along the line of separation of the daughter nuclei,
The energy distribution will also vary with angle, and will have highex-

~ mean energy in the preferred cones.

2.1.7 Delayed Neutrons

The prompt neutron emission just discussed takes place about 10-17

sec after fissicn, Then, for a time no additional neutron emission .
accurs until after a special class of beta decay transitions, which happen
to leave the residual nucleus in a state with e})ough excitation for additional
neutron emission. The periods of these delayed neutrons, therefore, are
really the periods of these special beta decays.' Theoretically they should
be ekpected to be rather long sincé the beta itself must not take too much
energy away from the nucleus. In practice a number of periods, of range:
from about 0.2 seconds to one minute have been observed, giving about

. 016 neutrons per fission for U 35 or . 006 for Pu 39. It is doubtful that .

ehoxter periods than 0.2 sec occur.

The delayed neutrons occur so late in time that the original velocity of
the fission daughters has long since been lost in inleractions with

either the materials of the weapon,l atmosphere, or magnetic field of
the earth. Hence the angular distribution.will be iéotropic in the smal‘l,.
as well as the large. The energy distribution’of the neutrons should be
different in detail, .and more weighted towaxds lower energy than that of .

the prompt neutrons from fission,

Contrary to their eassential place in the control of reactors, the delayed °
- 28 -
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neutrons play no role in weapon neutronics — they appear only after the

main recaction is over. They do, however, contribute to certain weapon

phenomena and effects, just because they come at late times when the prompt

neutrons have completaly disappeared. For example, they contribute to

the formation of an'ionized layer at about 30 km altitude in a high altitude

explosion, along with the delayed y-rays.

2.2 Neutrons from {(n, ?n) Reactions

When the energy of an incident neutron exceeds the binding energy of the .
neutrons in the target nucleus, usually about 7 Mev, an (n, 2n) reaction
is energetically possible, and is in fact quite probable. The reaction
usually proceeds by a direct route, the incident neutron colliding with one
neutron of the target, and knocking it out of the nucleus, without the inci-
dent neutron ever being incorporated into the target.. Sometimes, ‘how_eve'r,
the reaction proceeds wvia the compound nucleus, the incident neutron be- .
ing incorporated .in the target, which then has sufficient energy to boil

off two neutrons.‘ Actually, there is no sharp division between one route
and the other, because intermediary cases can occur for which the

incident neutron reacts with a moderate number of nucleo_ns, or maore
precisely a moderate number of degrees of freedom of the target, as well as
the extremes of fev.v for the direct reaction and many for the compound. |

nucleus reaction.

The spectrum of thg neutrons from the (n, 2n) reactions depends in
principle upon the mode of interaction, For the direct interaction, the
energy of the incident neutron, less the binding energy of the target neutron,
will be shared almost randomly between them with a slight preference for
equal shaﬁ'ing due to the larger volume of phase space available for that
case. For example, with 14 Mev incident neutrons and a binding energy

of 7 Mev, the average and also the most probable energy will be 3.5 Mev .
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per neutron. In the compound nucleus case energics lower than this should

be more common, depending on the level spacing. There will moreover be
considerable probability of a residual nucleus being left with up to 7 Mev

energy after emission of the sscond neutron, thié excitation energy coming
off as Y-rays.

As a result this neutron spectrum in actuality is quite

broadly distributed in energy and not very different from the fission neitron

spectrum.

2,3 Neutrons from Thermonuclear Reactions

2.3.1 Principal Reactions

The principal neutron producing reactions in thermonuclear devices: are

Neutron energy
3.25 Mev . 2.4 Mcv

n

(2-1) D+D-—-—~}He3+n, Q

(2-2) D+ T > He4 +n Q 17.6 Mev

" 14. 1 Mev
The D + D reaction thus gives neutrons of energy comparable to fission

neutrons, whereas the D + T reaction gives a new class of neutrona of

‘much higher energy,

2.3.2 Energy Spread of Neutrons

The fission neutrons have a broad continuous spectrum, The thermao-

ruclear neutrons are concentratad at the energies of 2.4 Mev and 14. 1

Mev, but do not have a sharp line spectrum. The velocity of the centar of

mass VM must be added to the neutron velocity V in the center of mass:
system to obtain the velocity of the neutron in the weapon system, VL
Because these vectors may be orieated at random, there will be a velocity

spread and an energy spread to the thermonuclear neutrons.

-
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The velocity can have values between the limits VL+ =V + VM' and
2 Vs B
the energy between limits E =1 M(V + VvV, ) =E{l + 2—=—), where:
Li 3 - M -V

M is the neutxon mass and E thé neutron energy in the C.G. system. Now
the velocity of the center of mass is of the order \/W while the ve~
locity of the neutxon in VEEM_, so that the fractional spread in neut;én
energy is o% the order of (/m— When the computation is dox}e ac~
curately the spread is actually found to be 2/3kT/E. Thisis a considexable
energy spread. :

For réaction temperatures of 10 kev, for example, the '

energy spread in the DT neutrons is about 10 perceént, covering the range
from 13.4 to 14, 8 Mev.

2, 3.3 Source of Fasler Neutrons

In a thermonuclear mixture, some recactions occur with fast reaction
products rather than with thermalized particles, Particularly, the DD

reaction has with abott equal probability, another branch in addition to

equation (Z2~1), namely

(2-3) ° D+ D—> T+ p, Q= 4 Mev.

The triton, which has 1 Mev energy, tnay rsact according to Equation
{2-2) even before it is thermalized. The spread in neutron energy from
the reaction (2-2) will now be very large, from about-10 ta 19 Mev. Thesa

high energy neutrons are the so called kigme neutrons.

2.4 Scatterlng'of Neut:ons

2.4.1 Elastic Scattering

1

Elastic scattering modifies the energy of a neutron.

The usual collisiona
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involve a loss of energy of the fast neutron to the slow moving target
nucleus. The maximum fractional loss in energy of the neutron is 1/A
where A is the mass number of the struck nucleus. Collisions with Heavy
nuclei like U.present in nuclear weapons t.herefox;e do not seriously ;:hange

the neutron spectrum, while collisions with hydrogen, also pre sent in

most weapons, do.

During a nuclear explosion, in contrast to the case of the ordinary nuclear
' reactors, it is possible for a neuiron to gain energy by elastic c011~isions.
In thermonuclear fuel, for example, the thermal energies of particles
are of the order ¢f 10 kilovolts, and in a small number of collisions,.
those close to head on, the neutron will gain energy. The gain itself w'i'lli
be small, comi;ara.ble to the spread in energy of the thermonuclear neu'ﬁA
trons discussed in Section 2. 3.2, There arc‘, howcver, particles with
higher velocity present in the thermonuclear mixture, from which con<
siderably more energy may be gained, for example, ‘the products of re-
actions 1, 2, and & before‘they" have been slowed down.

Most notably -

among these are the 3 Mev protons of reaction {3-3). Finally therc-ire

- the fast neutrons themselves, which, though present in low density due o
their long mean free paths, have the possibility of highest energy gain
.during the occasional collision of one with another. Neutrons of energy

up to 28 Mev may be formed in these collisions.

’

2.4. 2 Inclastic Scattering

In the process of inelastic scattering a compound nuclcus is first formed
by capture of the incident neﬁtron; The excitation energy is the incident
kinetic energy plus the binding energy of the last neutron. The compound
nucleus then d_ecay's by evaporation of a neutron, and the energy sbectrmn

is therefore an evaporation type spectrum similar in form to that of the

neutrons from the fission daughters. Since typical nuclear temperatures

. o - -
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in this process are of the order of 1 Mev, the evaporated neutron will

- [ 4

.
have an energy of this order, usually considerably less than the incident

neutron energy. For example, the 14 Mev thermonuclear neutrons usually

give only 2 Mev inelastically scattered neutrons as a result of a

235 )

collision
with U . |

2.5 Effects of Profnpt Neutrons

2,5.1 Direct Damage Effects

1. Neutron heating of fissile material causing vaporization,
melting, or phase change.

2. Neutron heating of fissile material to cause thermal .

shock.

3. Heating of non-fissile material by neutron cantr e or

inelastic scattering.

4. Radiation damage to sensitive components — tatal

dose effect.

5. Y-ray irradiation damage from nitrogen capture Y'!s.

2.5.2 Interference Effects

Formation of an ionized layer at 30-40 km altitude from a high altituds

burst, The ionized layer contributes to radar blackout and communications

interference.

2,5.3 Phenomena

1. Fluorescence of the atmosphere in the visible due
to neutron energy deposition.

2. Neutron decay into a proton, an electron and a

neutrino. Since the ncutron is meutral, in a

- 33 _
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high altitude explosion it is not affected by the geo-
magnetic-field, whereas charged particles are,
After the neutron decay, charged particles may then
appear along magnetic field lines which cannot he

reached by the usual charged particles such as B-rays

from the weapcn
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SECTION 3

ELECTRONS FROM REACTIONS IN NUCLEAR WEAPONS

3.1 Electrons“from the Fission Rcaction

The fission reaction is a principal source of electrons from nuclear
weapons. Although usually only the electrons from the beta decay c.)f

the fission daughters are considered, there are other sources of fission
electrons, This section follows the sequence of events in fission in a
manner analogous with the objective of isolating the processes whichv.ma'y‘

directly give rise to free electrons.

3. 1.1 Electron Fmission in Campound Nucleus Formation

Fission is initiated by capture of a neutron to form a compound nucleus..

Both the spin and size of the nucleus are changed by this capture, There

is a weak interaction of the nuclear spin with the orbital electrons, the

~same interaction which is responsible for the hyperfine structure of

spectral lines in the optical region. 'Since, the change in nuclear spin ~
occurs suddenly, in about the time for the neutron to traverse the Bohr

orbit of the' electrons, the effect of the interaction can be trcated by the -

sudden approximation. JIonization of an orbital electron is possible even

though the change in spin interaction energy itself is so very much less

than the ionization potential. Of course, conservation of energy in this

reaction is not violated, becausg the energy actually comes from the
kinetic energy of the incoming neutron, which cextainly is more than
adequate for the reaction. The probability of excitation due to change

in nuclear spin is of the order of (H]/A E)Z, where Hl is the interaction
enaergy and AE the difference in the energy levels between the initial and
final states. The interaction energies are of the order of 1()1 0cpsx whila
the ionization energy is of the order of 3 x 1015

cps so that the excitation

«12
probability is only 10 , quite negligible. ’I;he result is derived in a
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formal manner in Appendix A-3,

The increase in nuclear size caused by absorption of the neutron

also changes the atomic energy levels in a sudden fashion, causing ioni-
zation of the orbital electrons for the same reason, as did the change in

nuclear spin, The ‘effect is of comparable order of magnitude, i.e,,

negligible.

3. 1.2 The Probability of B-Decay During Deformation and Splitting

of the Nucleus

-2
The time for fission being of the order of 10 ! sec, and the time

" for beta decay being typically very much longer, 10_3 seconds or more.

Due to the weak interaction involved, therc is only a negligible chance,

107" or less, for emissiun of a beta particle oi the usual energy range A
during the deformation and splitting of the fissionable nucleus. Fission,
however, is a ve';ry violent process, with sufficient energy to give much -
higher log Ft values than usual in bota decay, and consequently the emission
of betas ma;y be more probable than estimated above. No estimates haizc'
been made of this effect. The probability of emission must-still be quite
small,at most of the order of the ratio of the coupling constants in the

beta decay to those in the nuclear field. |

-~ .

3. 1.3 Electrons Accompanying Prompt Neutron Emission

After the fission daughters are formed, they separate, retaining an ap-
preciable amount of internal energy. Some of this energy is removed b\)
neutron emisgsion. In the process, just as in neutron absorption to form the
original compound nucleus, the orbital electrons of the daughters are '
disturbed by the sudden change in nuclear spin and size, and this dis-"
turbance can lead to ionization. The probability for this ionization is

very small, being of the same order as estimated in Section 3. 1.1 for

~ =36 -
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compound nuc{eus formation, that is about 10° .
Another cause of electron emission is 2 remote possibility, that is'thc
direct interaction of the neutron with the orbital electrons due to a
specifically nuclear contribution. This interaction is in additicn to that
of the anomalous mégnetic moment of the neutron with the spin and oxbital
moment of the electron which is of clectromagnetic origin and has already

coneidered in the effect of the change of nuclear spin. This process as -

measured in the laboratory does take place but with low probability at

high momentum transfers corresponding Lo sleciron energies in tha 100

Mev range. The orbital electrons of the fission daughters have very ;mgéh.

smaller kinetic energies than this, so the direct interaction. probability will
be negligible. ‘

- .

3.1.4 Prompt Internal Conversion Electrons from Fission Daughters

A part of the excitation energy of the fission daughters is emitted as

-15 :
Y -rays in about 10 seconds. These y-rays are accompanied by

internal conversion electrons. Compared {o Y-ray emission, internal

conversion is an alternate mode of decay of the excited states of the
daughter nuclei. In this mode, the nucleus makes a transition emitting

a virtual photon which is then virtually absorbed by an orbital elocti‘on,
thereby transferring the energy of the nuclear transition to the electron.
The energy spectrum of the internal conversion electrons is very similar
to that of the prompt Y-rays except for a small correction due to the
binding energy of the electrons, namely n(E)dE = a exp(-aE)dE where

a = I(Mev)_l. The ratio of conversion electrons to nuclear y-rays is .

discussed in detail in the report by Horning et al* on the beta spectrum '

from fission,

% 11The Beta Spectrum fram Nuclear Weapons', Horning, Hunter, and Lynn,

E. I{..Plesaet Asseciates Report No. 55634 for DASA, February 1963,

Secret RD.
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" which reachcs one Bohr radius ir about 1/4 x 10
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. These internal conversion electrons have some importance in studies

of the Argus effect. The electrons usually discussed in relation to this

effect come from beta decay and therefore appear relatively much later
than these intarnal conversion electrons. Therefore location and effi-

ciency of injection into Argus type orbits is significantly different for these

two sources of electrons. Moreover the lifetime of electrons in the Argus

orbits is energy dependent and the iniernal conversion electrons have
higher mean energy and higher maximum energy than the beta decay elec-
tfons, resulting in longer lifetimes. Although most of the fissions in a
bomb reaction occur in a geometry for which the ceonversion electrons can-
not get outside the bomb, there is a short period of timie during disas
sembly when some fissi ons, initiated by the residue of prompt neutrox_xs,.

take place in a configuration dilute enough for the conversion electrons to

emerge into the outside world.

3. 1.5 Ionization of Orbital Electrons duc to Scparation of the

Fission Daughters

-

As discussed in Section 1. 1. 11, the separation of the daughter fragments,

seconds, drastically

changes the potential field in which the electrons of the original fissionable

atom move. The inner fast electrons are able to adjust to this changing K -

field adiabatically; the outer electrons are not, and will be shaken off

from the fission daughters. In Saction 1,1.11 it was estimated that

approximately 30 free electrons per fission were {ormed in this manner

from orbitals bound with less than 300 e.v. The encrgy spectrum of these

free electrons is continuous, peaking around 300 ev corresponding to the -
velocity of the daughter nucleus of 109 cm/esec. Higher energy electrons

are formed only with very low probability by this mechanism.
Because the adiabatic condition does not hold exactly, a few electrons are

.* Tl T gy Y
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also rcleased from the inner orbitals of $he fissioning atom. On the
average, per fission, 0, 0B electrons: are sct free, from the K shell, .6
zlectrons from the L shell and 2. 2 elecctrons frumn the M shell. These

electrons have energics distributed from zero up to the order of the kinetic.

“epergy in their original orbits, with the distribution function concentra.téc} '

at the lower end of this range.

3.1.6 Electrons {rom Beta Decay

The preceding scctions on the electrans accompanying fission summa.i-izo
all the sources of electrons which follow promptly after fission, the’
slowest process discussed hitherto being internal conversion with a méax_:
timc of 10"14 seconds, After this time there is an absence of electron
production until beta decay occurs, a relatively slow process with a half-

. - b
life varying from 10 3 secands to 10 seconds.

The beta particles emitted from the fission daughters in beta decay are

.electrons rather than positrons, since the daughters are neutron rich,

-

and the conversion of a neutron to a proton within the nucleus with the releass

‘of an electron (and a neutrino) tends to result in the production of stable

isotopes. The experimental observalions and theoretical predictions of the -
beta spectrum and its variation with time are presented in the paper of .
Horning, et al. There it is found that a total of abaut 8 Mav per fission is
released as betas with a mean eacrgy of 1 Mev. Almost 5/6 of the cnergy
is released after 1 second following a t-l' 2 timec dependence. The remainder
is released at early times at an assumed constant rate. However there is

no divect cvidence experimentally for the beta decay before about 10—2 sec.
Moreover, theoretical considerations of the beta decay laws make it
doubtful that any betas could have mean lifetimes of less than410—3 ssconds

and still have low enough energy so that the parent nucleus would be stahle

against neutron emission, precluding beta decay.

-39 .
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3. 1.7 Influence of Beta Decay on Orbital Electrons

In the course of b.eta decay, the orbital electrons of the daughters may he
disturbed. One process involved.is the swift passage of the beta through
the outevr electron shells, a process leading coccasionally to ionization.-
Although in principle all of the beta energy could be transferred to a:

single orbital electron, the most likely encrgy transfer is of the ordex of

the binding energy of the clectrons in the atom, in the 20 to 30 kev range.

We have not made estimatces of this process.

A second process is the change in nuclear charge causing excitation and

jonization of the orbital electrons. In Appendix A-~2 the probability of

, . .. . 2
excitation and ionization was found to be about 3/ (4 Z ) per électron, or

about U. 1% for an electrou of a typical fission daughter. Per heta particle

: ' emitted then, one has about . 02 orbital clectrons excited or ionized with

perhaps half of these or . 0l in the ionized state. The energies of the freed

! ' electrons seldom exceed the original kinetic energy of the orbitals and are

- typically much lower than that.

" 3.1.8 Internal Conversion Following Beta Decay

After beta decay, the residual nucleus may be in an excited state, Al-

though de-excitation usually takes place by means of Y-ray emission, the
same transition can occur by an internal conversion which gives the energy

of the nuclear iransition to an orbital electron. In some particular cascs, a

transition strictly forbidden by the Y-ray selection rules is permitted by the
mechanism of iniernzal conversion. Thc spectrum of the conversion eloc-

trons is of course similar to the spectrum of the Y's iollowing the beta’

decay.

The internal conversion electrons from this source always follow im-
- - -1
mediately (within 10 14 or 10 3 sacondsg) after the beta decay electrons,
c - 40 -
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have roughly the same spectrum, and are considerably smaller in number.
Therefore they cannot be the cause of any qualitatively different nuciear

weapons effect, nor indeed do they have much quantitative import.

3.1.9 Auger Electrons from Fission Daughters

A number of processes‘ leading to vacancies in the occupation of inner
orbitals of the fission daughters have just been dis;:ussed. In each case

it is possible to fill the vacancy not only by an X-ray transition, but by .a'n
Auger transition e#citing or ionizing one electron as a second drops into’
the vacancy. For fission daughters, Auger transitions are less probable
by a factor like 10 to 100 than X-ray transitions, However, a small nwm-
ber of free electrons ave formed by this nracass with enavgies of the same
order as the X-ray cnergies discussed earlier, typicallyinthe .1l to 1 kev

range, with a few as high as 20 kev,

-~

3,1.10 Electrons from Interactions of the Fission Daughters with

Other Atoms

As the ionized fission daughters pass through the materials of the nuclear

weapon, they gradually deposit their energy. The dominant mechanism

for this deposition is that discussed classically by Bohr in his study of

the stopping power formula for charged particles. In his theory it is the

.
distant collisions with relatively small enargy transfer to the outer clectrons

of the substrate atoms which accounts for the major energy loss. In these

soft collisions, atomic electrons with velocity less than that of the fission
fragment are affected; they are with about equal probability excited or

ionized. On the average about 30 ev per ion pair, or per free electron,

arc required in most substances, The fission fragments of initial 'velocity

10”7 cm/sec are slowed down to about 10° cm/ sec by this mechanism, de~

positing 99% of their kinetic energy or about 160 Mev pex fiasion. As a

result about 5 x 10" free electrons are formed per fission, mainly of

[ S
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energy between zero and 30 electron volts.

Occasionally much harder collisions occur betwecen a fission fragment and a

close substrate atom. Although a great deal of kinetic energy can be trans-

ferred in these collisions, the maximum recoil velocity of the struck atom
is or’xly the velocity of the fission fragment itsclf, about 109 cm/ sec. The
acquired velocity of the subStrate atom results in the shaking off of these
outer electrons with velocity lcss than the recoil velocity, These shake .
off electrons, perhaps 10 or so for each hard collision, have velocitics up
to several hundréd volts, in contrast to the few tens of volts of the elec-
trons per distant collision. Typically, however, only a few percent of the
fission energy is transferred in the hard collisions; thus there is a hard
collision probability of only a few percent pér fission, giving on the d.ve._e'gage
less than one shake off electron of the 100 ev energy range per fission_

6
comparcd to the 5 x 10" electrons in the 10 ev range due to distant col-

lisions,

The electrons discussed in this subsection can only be emitted into the

outside world during a phase in the disassembly of the weapon when the

materials are so mixed up and so dilute that fissions cccur near the

boundary surface of the weapon.

-

"3.1.11 Multi-Particle Fission

Occasionally more than two particles are formed in fission. When tcrnary

fission occurs, the third particle in addition to twe mediwm atomic weight

daughters is usually an alpha. Since the & particle is relatively lighter,

it may be emitted with much higher velocity, say even 5 x 10'9 cem/ sec,

compatred to the velocity of the usual fission daughters. The fast o may
cause more high energy cloctrons in its interactions with the bomb materials
than the more massive daughters.

- 42 -
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3.2 Electrons from Elastic Scattering of Neutrons

It is unusual for free electrons to be produced in the elastic scattering

of neutrons by mest nuclei. The electrons are not produced by the di-

rect nuclear interaction, but rather by effects on the orbital electrons,
The first such effect résults from the interaction of the magnetic moment
of the ncutron with the spin and orbital magnetic moment of the electrons.
Because the collision with the neutron is relatively rapid compared with
the electron orbital period, this interaction can ionize electrons as well
as merely split and shift electronic levels. This effect was discussed in
connection with the neutron forming a2 compound nucleus prior to fission

and is of the same order as estimated there, completely negligible,

A second effect results from the recoil of the scattering nucleus .after
being struck by the neutron. If the recoil is rapid, it will shake off soﬁ: )
- bound electrons, if slow it will ncvertheless. occasionally cause ionization.
After an clastic collision in the center of mass system, the recoil nuclecus
must have the same magnitude momentum as the scattered neutron. There-
fore a nucleus ¢f mass number A will have a velocity Vo T Vn/A
where Vi is the neutron velocity in the center of mass system. A ty‘pi'cai'
value for v is 109 cm/sec. For large values of A, say A > 10, the re-
coiling nucleus will be moving slowly compared to the bound electrons an:d

the probability of ionization will be of the order of vA/ v, = vn/(A ve). . Fox
»

light elements like H, Li, Be and B, which are very important éonsti.tuents'

in nuclear weapons, Va is greater than the velocity of the valence electr:c:ns',

and those electrons will be ionized,' A large number of electrons are
formed by this process, usually several per slastic scattering. Their
energy however is low, not often exceeding that correspondiﬁg ta the

velocity of the recoil nucleus, which can be 100 ev and is most likely to
be about 10 ev. .

Ty




i -
o e

3.3 Electrons from the Inclastic Scattering of Neutrons

The same mechanisms leading to free electrons from the elastic scat-
tering of neutrons, the most important of which is the shake off of

orbital electrons by the recoil nucleus, also operate in the case of in-

elastic scattering. DBut in addition, there are other mechanisms. In-
elastic scattering leaves the recoil nucleus in an excited internal state,

often with the major fraction of the incident neutron energy. Dec-

excitation is brought about by y-ray emission, usually in cascade. Ac-

companying the Y-ray transitions are internal conversion transitions,

materials is very much the same as the spectrum of the y~rays {rom the
fission daughters, the spectrwm of the internal conversion electrons is also

E
similar and may be roughly approximated by N(E)AE = 2

= (»a)e- dE where
a = i(Mcv)EI. .
Like the fission reaction, inelastic scattering gives an early source of
high energy electrons duc to this internal conversion process. Actually
the inelastic scattering contribution will usually be more significant than
the fission contribution, since the former Has a larger over-all cross

section in weapon materials, and the scattering usually occurs closer to

the surface of the weapons enabling the ¢lectrons to escape into the out-

side world.

'
- . .

In addition to the internal conversion electrons, there will be accompany-

ing low energy Auger electrons as the inner atomic shells vacated in thé

convercion are filled from the outer shells.

3.4 Electrons from the Thermonuclecar Reactions

Neutron reactions such as fission, or inelastic scattering, take place

gqually well in cold material or materials already heated by the considerable

P B L




"reactions hy definition do not cccur in cold materials,

. ’
electronis v =
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energy relezse of a nuclear explosion. In cold materials orbital electrons
may become ionized, as discussed in the previcus sections. In most cases

the heated materials which give important neutron reactions contain rela-

tively heavy elements which retain some of their orbital electrons under

thermal conditions, and therefore may also give some additional free elec-

trons accompanying the neutron processes. In conirast, thermonuclear

The thermonucledr

fuel must {irst be heated by some form of energy deposition, usually a

combination of hydrodynamic, radiative transfer, and nuclear radiation

deposition, and only then can it react. As a result, all the electrons of the

light elements participating in the reactions are already ionized before the

thermonuclear reactions take place. The reactions then occur betwean '

bare nuclei in a free electron plasma, and no new free electrons are pro=-
duced directly.

The thermonuclear reactions of course do give energy to the plasma of

free electrons, changing its energy distribution. The mechanism by which

this process takes place is the interaction of the fast product ions with the
plasma, both in close binary collisions and in many particle collisions.
Because of the mass difference between the heavy ions and electrons, the

fraction of the ion energy transferred per collision is small. However,

because of its comparatively small massthe increase in the energy of the
colliding electron is large. For‘cxample, consider a head-on collision
of a 2,4 Mev proton from the reaction D+ D= T + P with a 1 kev-clectron.
Inititally the electron has velocity of v = 1.9 x 109 crn/ sec, the proton
V=2.2x 109 cm/ sec, Aﬁer the-head—on.collision the velocity of the

v +2aV =63 x 109 cm/sec corresponding ic an enexgy
of 10. 7 kev. In most weapon designs, it will be impossible for the 10

kev type electrons to get out of the weapon, so that this reaction is not

important.

. - 45 -
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In addition there are other interactions such as the Compton coliisions
which increase the energy of the electrons in the thermonuclear plasma. '
In some special design cases,however, the higher energy electrons may

indeed escape, and the thermonuclear reactions are then an additional

source of electrons.

3,5 Electrons Produced by the Interaction of y-Rays

3.5.1 High Encrgy Electrons
During the course of a nuclear &xplosion, Y-rays are produced; these i
turn may produce high energy free electrons. The three most imiportant,
processes for this production are Compton scattering, photo-electric

absorption, and pair-triplet production.

In Compton scattering, the photon is scattered inelastically by the eleciron,

the latter acquiring a fraction of the energy of the former. For the mean °

Y -ray energy of 1 Mev this fraction is about 0. 4 and increases with thg
energy. In photoelectric absorption, the electron takes all the y-ray
energy, uses a small portion to overcome its binding in the atom, and re- '
tains the major portion as lfinetic energy. In pair or triplet production, é
portion of the i.ncidénty-ray energy, 2 mc2~ 1. 02 Mev ig used to create.

the positron electron pair, the remainder being available as kinetic energy

shared between tho two members of the pair or the three mambexs of the

triplet. In all three processes, energetic electrons, of the order of 1 Mov,

are produced in copious quantities.

Even at the earliest stages of a nuclear explosion, the electrons p&deuced

by these y-ray interactions in the outer layers of the weapon will be able to

escape into the outer world,

As the weapon disassembles it will be pos-
®. . Biblg‘_h‘or the electrons produced at deeper layers to escape, and the electron
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output will increase. Soon, however, the y- rays will be able to escape

before undergoing any collisions, and electron production will f21l off,

3.5.2 Low Energy Electrons

In both the p hotol-électric absorption and the Compton scattering process,
vacancies are left in the shells of the atoms hit by the y-rays. In

Compton scattering the vacancies are randomly distributed, while in’ photo-
electric abso;ption 75 percent of the vacancies are in the K shell and almost

all of the remainder in the L shell. Through the Auger eifect then, free’

‘electrons may be produced as the inner shell vacancy is filled. These

electrons are of low energy compared to the initial photo-electron or .
Gompton recoil, having of the order of the binding energy of the K s.'hel.l
ele.ctrons or less, typically in the 5 to 50 kev region.

Pair producticn no doubt also disturbs the at(;mic electrons by the cscape
of the pair through the atomic system. The probability of this reaction has
not been astima;;ed for this paper. Recoil of the nucleus leads to velociti'ea

m . . . . N
which aren & times the mean velocity of the electron positron pair. This .

is toa low to shake off any orbital electrons.

In "triplet’ production, the vacancy left by the revoil atomic electron,

may bring about the creation of additional Auger electrons,

3,6 Electrons Produced by the Interaction of X-Rays

In a nuclear explosion X-~rays of kilovolt energy abound. In their inter-
action with the atoms of the weapon, free elelrons are produced by ihe
photoelectric absorption. No other process producing free electrons
occurs to any appraeciable extent. The cross-section for photoelectric
absorption is relatively large compared to say the Compton or Thomson .
cross-section, o large in fact that essentially no X-ray except thoée near
- 47 - )
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the surface can escape the weapon. Instead the X-rays are absorbed, their

energy being converted into energy of the photo-electrons, " The Kinetic
energy of the electrons is therefore just the X-ray energy less the binding

energy, and is in’ the neighborhood of a few kilovalts.

Following X-ray absorption, additional free electrons may be formed by

the Auger effect. These are somewhat but not very much lower in enerxrgy

than the photo-electrons themselves.

3.7 Thermal Electrons

Up to this point. some specific mechanisms for producting free electrans
have been discussed, the miechanisms being restricted to those accompanyihg
the primary energy producing reactions in the weapon such as fission, or’

the DD reaction, or to those just a few steps removed such as the electrons

from the photoelectric at .rption of X-rays or ofy-rays. However, by far .

the largest number of {ree electrons are produced as a result of a long chain
of reactions in the weapon materials; for example a y-ray accompanying
fission has a Compton recoil, producing a secondary electron whose cap-
ture is accompanied by the emission of an X-ray, which then causes a ph'bto-
electron. In the dense materials contained in weapons the various chains'of
reactions usually 6ccur sufficiently quicldy so that a condition of local

thermodynamic equilibrium is established. The details of the chains then

need not be calculated to get the free clectron population, their energy

distribution, and their subsequent emission rate, it béing sufficient to -

calculate the local temperature and the equilibrium slectron distribution

there.

3.8 Effects of Free Electrons

e

Sl
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3.8.1 Influence of Fres Ele@trons on Observation of the Weapon

1.

3.

3.

4.

8.

S

Observation of the weapon by neutron output, Y -ray output,

or hard X-rays is unaffected by free electrons produced by

the weapon,

Observation by the visible, I. R., or U. V. light emitted from

the bomb case is seriously effected by the free electrons producad
by the weapon. .

Observation by reflection of radar, maser, or laser beams is

determined by state of free electrons around the weapon.

2 Radiation from the Weapon-Produced Free Electrons

Free electrons produce bremsstrahlung X-rays. The thermal
X-rays from the bomb surface are in part due to this brems-

strhlung, in part due to free-bound, and bound-bound transitions.

Bremsstrahlung from the electrons in the thermonuclear fuel may

" be observed if the reaction is close to the weapon surface, and if the

i

burn is "runaway®, giving high electron temperatures, of energy 20

kev or greater,

Thezre is an electromagnetic pulse from a nuclear explosion due
primarily to the current associated with Compton recoil electrons.
The character, however, of the pulse in atmospheric explosions

is determined by electrons from the air rather than from the bomb

materials,

Electromagnetic noise. At later stages id an explosion there will
¢

be electromagnetic noire due to the thermal radiation from the

residual low temperature free electrons created by weapon interactions.

3.8.3 Electron Belts from High Altitude Explosions and their Effect

i.

Electrons may be injected into Argus type orbits from a high:
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4.

5.

1.

[

altitude nuclear explosion.

Different times,. locations, and mechanisms of electron injected

into Argus qrbifis obtain for the different classes of electrons,

One must consider the prompt fast electrons in the Mev enexgy range
resulting from Compton recoils and prompt internal conversion,

the prompt kilovolt electrons from deep atomic transitions, and the
prompt low -energy electrons 10 to 100 ev from ''shake off'* of the
outer orbital electrons, as well as .the. delayed electrons due to beta

decay and processes that follow thereafter.

Synchrotron radiation from the Argus belts,

Aurora, ionization, radar clutter, blackout, and interference

from electrons in Argus belts as they interact with the atmos-

phere.

~

4 Jonization and Excitation of the Atmosphere by Electrons

from High Altitude Explosions

Layers of ionization at 60 to 90 km altitude due to high energy

electrons from high altitude explosions. Radar attenuation by

these layers, and effect on high frequency communications.

Visible fluorescence of ionized luyers.
I. R. excitation processes in ionized layers.
Higher altitude ionization from the lower energy electrons,

Excitation of plasma waves by high &ensity of low energy electrons.

5 Explosion at Low Altitudes

Local ionization due to electrons and radar reflection from the

ionized region,

a




2.

® -1

Preionization of the atmosphere before shock wave arrival,

attenuating EM and visible from the weapon.’
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Table I - The

Fission Reaction

y-ray Emissions
M-ray Emissioas
- Electron Emissions

- MNeutron Emissions

To use Table I, fold out pages 59 and 60, which contain
the process relevant for each line in the emission tables.

Table II -~ Reactions Other Than Fission
IIa - +w-ray Emissions
IIb - X-.ray Emissions
Iic - Electron Emissions
IId - Neutron Emissions

- 52 -
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TABLE Ia - Y~RAY EMISSIONS - 1

Section Transition Total

1.1.1

1.1,3

1.1.,5

1.1.6
4-1

SR

o
M

vl

Time
(sec)

165717

T =K f/FI
16
=10

Mean Energy
Energy per Fhoton
(Mev) {Mov)

None for neutrons of less
than about 6 Mev enorgy

None

Small Possibly
perhaps 20 Mev
0.2 Mev

Noﬁe

.004 0

Neutrons dominate over Y-rays

1O~l4

.006 1

Spectzum and Comments

Broad | Process not‘verified

Rremsstrahlen type, so that energy
emiticd per unit oncergy interval
is flat ‘o maximum of 200 Mov,
Quartum theory calculation of
spectrum has not been made.

See process 7 below, Spectrum will
be & little harder than in 7 after
neutron boiloff. No cutoff above .
6 Mev,

n(E)dE:Ge—aEdE Main source otl‘
a=1{Mov)™" *  prompt Y-roys,
cutoff above
6 Mev,

(1)

(2)

(3)

(4)

(5)

(6)

{7
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TABLE Ia -~ Y-RAY EMISSIONS - 2

Section Trunsition Total

Time Energy
(sec) (Mav)
~11 .
1.1.10 10 -2 Forbidden
Small
1,102 107 6

25 N T ey

Mean Energy Spectrum and Comments
per Photon
{Mev)

Isomeric transitions

Few sharp lines'of
~1/4 Mev Line spectrum

specific nuclear
transitions

1 Complicated line spectrum,
© many nucleids

©

(11)

rp—
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TABLE Ib-X-RAY EMISSIONS - 1

»

Section Transition Total

Time Energy
(sec) per Reac.
(kcv)
3.1.1 10714
1.1.11a 1071 1074

negligible

Same as (2) above

3.1.3 10744

1 S I o
LR R, 3

Representative

Spectrum and Comments
or Mean Energy

per Photon

(kcv)

BO Characteristic X-ray spectrum with
discrete lines broadened by later
interactions.

80 Same as above,

25

Brooad spectrum with many lines
from the distrilution of possgi~
ble fission daughters. Indivi~
dual lines broadcned by short

lifaetime of atomic states in
daughters,

(1)

(6)



TABLE Ib - X-RAY EMISSIONS - 2

Section

1.1.11b

1.1.11¢

1.1.13

3

Transition Total

Time

(seF)

10—10

Enexrgy
per Reac,
(kev)

30

.100
per B

Representative
or Mean Energy
per Photon
(kev)

~5

10

Spectrum and Comments

Broad continuum from O to abopt

300 ev.

Cheracteristic line spectrum of
mary olements superimposed,
Energies from O to ~ 40 kev,

Characteristic X—ray spectrum.
from B decay daughters.

(9)

(1c)

(11)
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TABLE Ic - ELECTRON EMISSIONS ~ 1

Section Transition Number of

Time

(sec.)

1.1.11a 1073

3.1.4 10713

Totel Energy

HMean Energy Spectrum end Comments

Electrons in Electrons per Electron

per reac, per reaction (kev)
(kev) .
10712 1071 100
~15 ~-14

16 10 100

same as {2) above

Wt 30 -

.05 60 1000

Jagged function due to
overlay of many ioniza-
tion edges. No beta
emission during these
phases,

Seme comment as ebove.

© Jagaged function due to

overlay of many ioniza-
tion cdges of meny . °
elements,

Electrons of definite
energy, corresponding
to nuclear transitions,
Internal conversion
electrons )

(1)

(2)

)

(6)

(7)
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o TABLE Ic - ELECTRON EMISSIONS ~ 2

'
=

Section Mean Time  Number of Tolal Energy Represen~ Spectrum and Coments
for Process Electrons per Remction +tative or

(sec) per fission (lkov) Mean Energy

. or othar per electron
reaction {lcev)

Electrons of definite .
1.1.10 energy, corresponling to (8)
sharp nuclear levols in
the transition, Internal
¢onversion electrons from
forbidden transitions,
1.1.11v 10 30 Continuous from O to (¢
3.1.5 ) about 500 cv with o
17 » . slight peak near 300 ev, ..
le 10 6 30 5 Broad groups each (10)
centered around ioniza—
tion energy of atomic
' shells, . i
3.1.6  »107) 8 " 8000 1000 See Horning ct al, for (11)
. ' spectrum. Electrons
17 directly from beta docay,
3.1.7 10 .1 10 10 Brond groups of enerpgies
centered nround binding
O ) energices of the various
shells in the betn decay
-13 products. Orbital clectrons.
3.1.8 10 .08

Fow . Small 250

<

(¥}
N
)™
~—

80 1000 The same spcctrum as tho
Y's following the B decey.
Internal conversion,
Orbitul electrons.
—-11 . .
3.1.9 10 Small 1 1 Most electrons have energiecs
. number

from ,1 to 1 kev with a (12)
few higher up to 20 tov,

Auger effact accompanying -
vacancies in atomic orbitals

.

.. ‘
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TABLE Id - NIUTRON EMISSIONS - 1 ' B . TABLE
o o

Section Transition Number of Total Erergy Mean Energy Spectrum and Carments

Numbey
Time Neutrons (Mev) per Neytron
(ace) per reac, . (Mev)
. -2 '
2.1.1 10 1 ~2 2 From O to E concen— (1) - 1)
: m
trated near % ev, .
Inelastic scattering \
before compound nucleus N
excitation,
. : (2)
: t
t
(3)
(4)
l’. N
& |
(5)
~17 . . '
h 2.1.,4 10 2-3 6 2 Wett spectrum, . Py (6) .
2.1,5 — -E/T L (6)
2.1.6 VE e :
(7)
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TABLE I - THE FISSION REACTION ~ 1
T
and Congmonts Number  Process Time Meaen Time
Table for Process
< (sec) (sec)
N . ) ~20
concen— 1) (1) Formation of Compound Nucleus 0 10
iev. “
cattering \
ound nucleus A
(2) Formation of Daughter Nuclei 10720 1072
in Contact :
!
(3) Coherent Oscillations of 10720 »l g2
Distorted Daughter Nuclei ‘
. Y . ~20 | 20
(4) Conversion cf electrostatic repulsive 2 x 10 10
energy into Kinetic encrgy of
. daughters as daughters separate
(5) Acceleration radiation of 10720
fission daughters
xum, . (6) ¢+ (6) Neutron boil-off 1077 o7
. -14 ~14
(7} Prompt Y-rey omission 10 10
b &
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TABLE 1d - NEUTRON EMISSIONS - 2 o Tar
&) Vi
Section Transition Number of Touial Mean Energy Spectrum and Comments o Nun
Time Neutrons Energy per Neutron ' :
(sec) per reac,  (Mev) (Mev)
(8]
(9)
(1c
. ) ‘ (11
2,1.7 107 7 .0l per .01 vl Evaporation speé¢trum of (11)
fission "lower temperature tha '
process 6, - i .
O | y
(12
T
!
4 . )
i ; .
: I e
i h Sl il
! v .
- 60 -
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TABLE I - THE FISS{ON REACTION — 2
4
c ats - Number Process Time Mean Time .
nd Conme . Table for Process
(sec) (sec)
(8) Quiét interlude until B decay 10‘_13-10 3
. . . ~17 =16
(9) Seggratlon of deaughter nuclei to 10 10
! ) 10 “cm, Shakeoff of outer electrons,
. . . -17
(10) Icnization of inner electrons 10
(11) Beta decay >107°
pe¢trum of (11) i
ture then
[
1
(12) Auger offect Various
*

—e.o,

v —
o3
el
—
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TABLE II - REACTIONS OTHER THAN FI1SSION - 1

ISEN EMISSIONS::

Process

i. Neutron Capture in
Compound Nucleus

2, Direct Radiative
Capture

. 3. Reaction Scattering
6 of Neutrons

4. Thermonuclear
Reactions

v -RAYS

Section

1,2, 2

1.4

Total Mean Spectrum
Energy Energy

Per Reaction Per Photon

{(Mev) (Mgv)

7 i Broad,
similar to
fission
spectrum

Binding : Higher than Few dis-
Encrgy plus 1 Mev crete
kinetic lincs
enexgy

Fraction of <i Broad

incident K, E,

~Q of 20 Few
reaction lines

, Chnnies
. o ryo

- 61 -
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TABLE II - REACTIONS OTHER.THAN FISSION - {

IIb, EMISSIONS: X-RAYS

Process

i, Neutron Capture

Recoil effect

Internal conver-
sion effect

Auger effect
after internal
e conversion

2. Elastic Scattering
of Neutrons

3. Inelastic or Re-
action Scattering
of Neutrons

Recoil effect

Internal con-
version

Auger effect
after internal
conversion

Section

1.2,

1. 2.

P

[

Typical Mean Spectrum
Total Energy
Energy Per Per Photon
Reaction (Kev)
(Kev) .
Few tenths ~ .01 Optical-like.
or less spectrum
with many
lines
7 ZZRY Characteris-
~30 tic X-ray
spectrum
. 06 6 Transitions.
mainly to
L. shell

Same as recoil effcct in neutron capture

Same as recoil effect in neutron capture

.1 ) ZZR.y Characteris-
~30 tic X-ray '
spectrum
.06 6 Transitions
mainly to
L. ahell

- 62 -
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e TABLE II - REACTIONS OTHER THAN FISSION -1
IIc. EMISSIONS: ELEGCTRONS

Process Section Number of -
Elcctrons
Per Reaction
2
1. Neutron Capture ’
) P Light nuclei A < 10 1.2.3 All but K electrons ~3
Recoil effect Heavy nuclei A > 10 1.2.3 Few valence electrons ~2
Internal conversion cffect .23 . 0t
Auger effect after internal 3.3 . 01
conversion
2. Elastic Scattering of Neutrons
Light nuclei A < 10 3.2 All but K electrons
Heavy nuclei A > 10 3.2 Few valence electrons
3. Inelastic or Reaction Scattering
of Neutrons
: Recoil cffect 3.3 Same as clastie’
0 scattering
Internal conversion 3.3 .01
Auger effect after internal 3.3 . 0t
conversion
4. Compton Scattering of ¥-Rays
High energy electrons 1 ) 1
Low energy auger electrons 3.4.2 1
5. Fair Triplet Production
High cnergy electrons 3.4.1 Zoxr 3
6. Photo-Electric Absorption of
¥ -Rays
High energy electrons Co 3.4.1 1
Low energy auger electrons 3.4.2 ) 1




o

E.H.PLESSET

'.x;fl't
ASSOCIATES, INC.

PN S ]

SR W

X

aisinlatabil

TABLE 11 - REACTIONS OTHER THAN FISSION - 2
IIc. EMISSIONS: - ELECTRONS

Typical Total
Energy in Electrons
Per Reaction

{Kev)

Few tenths
< .,1

70

]

Few tenths
< .1

o]
f

.30

400

1000

1000

(Kev)

Mean Energy
Per Electron

~ .05
~ .01

1000
39

~.0
~ . 0

1000
30

400

500

1000

5.
1

Spectrum

Line spectrum

Groups of energies

Line spectrum

Groups of cnergies

Continuous and

broad O to Er

Groups of energics

Continuous and
broad

Distributed with
edgcs correspond-
ing to atomic
shells

ey
S

Comments N\

Depe nds upon
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TABLE II - REACTIONS OTHER THAN FISSION - {

O IId. EMISSIONS: NEUTRONS
Process ¥ Section - Number of
- " Neutrons
per Reaction
i. The {n, 2n) Reaction.

Incident Kinetic Energy E

Direct reaction

Compound nucleus reaction

2, Thermonuclear Reactions
He3 +n :

D+ Dyr+p . 232 /2

D+ ToHety n 2.3.2 t
3. Elastic Scatrering. 2.4, 1 i

Incident Energy E

"Kigme" neutrons 2.4, 1
Q {n, n) scattering 2.4.1 2

4. Inelastic Scattering, 2.4.2 i

Incident Energy E

“r'{,‘l':":\'_‘l i "',"-\
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TABLE II - REACTIONS OTHER THAN FISSIO

N -
o 1Id, EMISSIONS: NEUTRONS
Total Mean Energy Spectrum Comments
Fnergy Per Neutron
{(Mev) {Mev)
1 E -E E -E Flat between 0 Most important .
i b i b K a
3 and max. for Li >> .Eb
E, - Eb 1 Evaporation type Most important
' n(E) = ae~ 3K for Eifv Eh
2 2.4 2.4 Gaussian with
fractional breadth
of 3.4 Yk E
14,1 14,1

Gaussian with Breadth is 1.4

AT A S IS Y N S T R S
T R B Y.

i
3. Ei( 1—-ZA)

2E,
i

4. (T) ~ 1§
nuclear

O. .‘Y-,;H:\}a;. o .

1
. Ei(i--EA)

E,
i

(KT ~1

nuclear

fractional breadth
of 3.4 T/E

Relatively flat
between Ei and

1
E.(1-3)

Maximum of ZEi

Evaporatior}:type
n{E) = ae”

—

LN

’

Mev for kT = 10
kev

Increase of
energy possihle
in sOme
scattering .

- 66 -




APPENDIX A-1

Y ~Rays from Separating Fission Fragments

The emission of y~rays due to the acceleration of the two fission daughters

upon separation will be considered classically, since the acceleration .

radiation is a classical effect. Assume that the fission process results in

two daughters, each of mass number A, and Az and charge number Z
Z

2 with center separation r when in coniaci.

1 and

The acceleration of daughter
(1) 1s

a = —— )
-MAl r'2

with 2 similar cquation for the ace-

celeration of daughter (2).
In equation (1), M is the proton mass.

Classically an accelerated charge radiates. In fission, there arc two

daughters whose motion is coherent and the resultant radiation must be
calculated with this in mind. Indeed for precisely symmetrical fission : _

there would be no dipole radiation. For unsymmetrical fission the radi~

ation is due to the net changing dipele moment of the system, equivalent to
an accelerated charge of magnitude (AZ)e = (Z1 - Zz)e, 8o that the

energy radiated per unit time is

22 -
S = % (Af)e al . (2)
. .

As (1) shows, the acceleration diminishes as the daughters ‘éeparate. and
iasts sensibly only until the separation has increased to about 2r. The
time Tduring which the acceleration lasts is of the ordex of

-67 - « ;
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a

7

T —( 53)1/2' | " (3)

The energy emitted during the time 7 is then

2 2
e _2 (AZ) e 3/2 :
E =S1 =3~ a2 ,/2.1- . {4)

c
Now the distance r is about
r RS 1/
v} 17 2 N

r o= (Al’ + A, (5)

2 2 - .
where the classical electron radius is ro=e /mec” =2,8x 10 13 cm.
Subsiituting {5) and (2) into {4) gives the total energy E radiated as

3/2 .
4 2z z 3/2
E -2 fAz) (Tt ) m) (6)
e 3 A137& (A11/3+ A21/3) 5/2 (‘M‘) -
For a common assymetric fission Z, = 35, ZZ = 57, Z = 22,
and A = 2.62. The numerical resvlt from (6) is
E = .780 x 10°% (7
mc}‘ ‘

Hence only a negligible amount of y-ray energy is released by the

acceleration of the fission daughters.

- 63 -
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Appendix A-2

Excitation of Orbital Electrons by Discontinuous Change in

Nuclear Charge

Consider that at time t = 0 the nuclear charge of 2 hydrogenic
H

atom changes discontinuously from the value Ze to Z e as for

example in beta decay. Then, according to the sudden approxi-

mation, the probability amplitude for an electron with wave-
functicen u before t = 0O to have the wave function vy after
a long period of time 1is

b, o= {vf“ u. d7T . Y
i—> j )3 i

In particular the probability that a X electron for the nucleus 2Z.

1
will remain a K electron for the nucleus Z is

Py 5 x ° [J\,K* (z") uK(Z)dﬂ2 (2)
where / .
3/2
: ! Z - Zr
UK(Z). = - (ao ) e a2 - (3)

a

The integral in (2) gives

oo i
. c N3/2 [ <2+ 2Z)r 2.
" Z Z 2
PK_ K__ll;__z._ je___.a__,_. rdi}

tQ

(4)
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The probability that the K electron will be excited due to the

nuclear traansition is

Pho sy ex ' P53 k- (5)

'
Putting Z2 = Z + £ and expanding tc the first non-vanishing

term in £ , one obtains

3 (e \¢
PRy ox ~Z\7Z) - (6)

For beta decay ¢ = 1, and for typical fission daughters Z = 40,

Then
P = 3/6400 = 4.68 x 107%
K—— ex . :
The calculation may be oxtended to other orbitals besides that
of the K electron. But rather than performing the calculation in

detail, one may note that a simple approximate form for the

TRART 1FS 080

radial wave function for the orbital with principal quantum number

n can be obtained from (3) by replacing Z with Z/n.

The integral

analogous to (4) will show that n cancels out in the result. There-

fore, the probability of excitation is approximately independent of the

initial orbital.
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nuclear plus neutron magnetic moment. That is,

Appendix A - 3

Electron Transitions Induced by the

Neutron Magnetic Moment

When a neutron interacts with a nucleus, the orbital electrons feel a

perturbation from the neutron's magnctic moment. This perturbation

accurs rapidly compared to crbital

ot

P Y S RS
35, 380 &y Ol SUGLIn appTrOX:

1T

mation ¢can be uscd.

The electronic wave function before the ncutron-nucleus interaction
is taken to be a hydrogenic wave function perturbed by the original

nuclear moment; that after, a hydrogenic function perturbed by the

v

(Ho+ R v/ = E'v W

beifore, and

(Ho +H") v = B vl (@)

after, where

H, U, = En U, . (3)

thc usual hydrogenic functions. : :

To get the probability E‘ of a transition, we first determine the

2
probahility of the electron remaining in the ground state, }aql ;
then F; = |- Qe [2' The ground state probability amplitude is
given in the sudden approximation by

‘R, = /Tf;”\/a/d? | | (4)

Applying second-order perturbation theory we obtain for the wave

-J
[
3
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O functions . 2 )
H,, e
Vo! = “o( f—éz""‘t""‘ ) + 2 e Mp_

kro (Eo" Eh_)z f.45 (F. E{_) (5)
/ /
-+ g { 2 le() H,Zd - Lo Halg 5 L{
" Lo (E,-Eu(E; (- E“"U: L.
and vo 15 similarly given by replacing H by H Then, to order
l H‘J . (4) gives k)
= - 5— iH/'"I
“lo 2 T

hve (Eo~E
Sa ( | l‘l) (6)

LAs (B, - EL)®

and the probability ot 5 transition, P_, is

x*

2 :
- 1/\ Hl.al :
Pe = I —la)® = =7 =% (7
X {QO‘ },.,_,—:0 \L—() E_‘,') A ‘
o ) where A”}Zf H’;:;H)hand terms high than lAH al have been dropped:
o =0

It is difficult to evaluate a sum like ('?) but we can place an upper limit

on P_ by noting that (E-~ El) =Y (E F}and that the completeness of states
nges us .
4 2 z
,A H/ao, = (/A H),, - }’:ﬁ “Oo{ (8)
bto oo ‘
50 that

| i 2 '2 :
R = aheaon, - 16k,
AH is given in terms of the hyperfine separation constant by- .

AH = LA &% 0, T, (10)

-2 -




. H. PLESSET ASSOCIATES, INC.
[ gesia S R

Evaluating tlle neutron.spin Ope'r.afof and the“s

%3

PPN PIETRN .

?ron amgular momen-

tum in the gr%hxid state,

2
. a8
F; = 2?5;5)2 Z’A‘A%> TS

The separation constant is given by

L N 2/ N o
= AA% - 5 Uy (D) (je EJ”'/(/(/«/{AC (1_2?_

where the magnatic moments are : : . [

Aa= (13) |
For the l.ande' constants, 9 = 3.8 9 =2,0, and }
S = % | (14} \
z
o) = : }
U= 2 (= |
lf) where 3, is the Bohr radius.. Substituting these values for A7 and
noting that Ea... E, - ’:}:’_‘ZZRdeerg, we have
D " -2 2.
P 3,08 x /o~ 2Z (15)

Therefore the upper baard on the total probability of transition is very

small, even for rather large effective nuclear charge Z.

e
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