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MOTIVATION FOR THE INVESTIGATION

Goals exist that involve fundamental physical principles as well as
potential practical applications.

The problem explores a novel set of circumstances in physics.

» Strong-field effects of electromagnetic radiation at very low
frequencies are expected on theoretical grounds, but not previously
explored in the l[aboratory.

* Major consequences are expected to flow from an interaction in
which there is little or no input of energy.

* The predicted effect is relativistic in nature, but is associated with a
seemingly nonrelativistic environment.

* An unusual testing ground is presented for the exploration of
fundamentally nonperturbative quantum processes.

There exists a possibility of important practical applications.



SUBJECT OF THE INVESTIGATION

Possible alteration of nuclear beta decay through interaction with
externally applied electromagnetic fields is to be explored.

The first goal is to see if “first-forbidden” beta decay can be modified
through the alteration of quantum selection rules by interaction
between elements of the beta decay and an external electromagnetic
field.

This has potential practical significance because the preponderance of
the radioactivity from high-level radioactive fission wastes arises from
first-forbidden beta decay.

More highly forbidden beta decays, or possible effects on certain types
of allowed decay might also be explored.



The parentheses on n
and p mean that they
can be either free or
bound neutron and
proton, respectively.
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The beta decay is shown as a four-fermion interaction since energies are
too low for intermediate vector bosons (W*, Z9) to be of any
significance in the reaction.



EXTERNAL INTERACTION MECHANISM

The neutron and the antineutrino are electrically neutral; the proton is
much more massive than the electron. If the beta decay is to be altered
by an externally applied electromagnetic field, the obvious candidate is
the emitted electron.

The fact that the electron is in the final state means that the field must
be present at all times, so that the only electron that can emerge from
the beta decay is an electron in interaction with the electromagnetic

field.



QUALITATIVE REQUIREMENTS

Continuous operation: The interaction mechanism involves a final-
state particle. Also, beta decay comes from the weak nuclear force;
it is fundamentally slow. Forbidden beta decay is especially slow.
Short-pulse phenomena cannot produce the required effect.
Continuous or near-continuous exposure to a field is a necessity.
Large exposed volume: If a practical application is envisioned — such
as reduction of high-level radwaste — this exists in huge quantities.
Solid targets of large dimensions have to be employed.

Suppression of ionization: |f extensive ionization of atomic electrons
occurs, this would both absorb all of the incident radiation, and
provide complete shielding of the nuclei contained within the atomic
electron shells.

Field penetration to the nucleus: Even in the absence of ionization,
the atomic electrons surrounding a nucleus could act as a Faraday
cage preventing an external field from reaching the atomic nucleus.
A scheme to avoid this has to be found.



EXPLICIT INTERACTION MECHANISM

An exact solution is known for a charged particle immersed in a plane-
wave field: the Volkov solution. p. M. volkov, Z. Physik 94, 250 (1935).

Essential differences from the free particle are to be found in the
expression for the mass shell. For the free electron (c=1):

p“p, =m*
For the Volkov electron: HRR & J. H. Eberly, Phys. Rev. 151, 1058 (1966).
(p“—nk“)(p,—nk,)=M?=m?(1+2z,)

n =integer, k* = photon propagation vector

2U :
Z, = m—cg U, = ponderomotive energy

The integers n enumerate the sideband states or Floquet states that

represent virtual absorption or emission of n photons. The importance
of these states is measured by the dimensionless intensity parameter z;.




The attainment of an intensity parameter z; = O(1) (or within a few
orders of magnitude) must be added to the list of “Qualitative
Requirements”.

This all depends on the attainment of a ponderomotive potential of the

order of a rest energy of the electron. The ponderomotive energy is the

potential energy of a charged particle in a plane-wave field. It can be

written as

e’E;
>

Up =
Amw

E, =electric field amplitude

The important property shown in this expression is the inverse-square
dependence of the ponderomotive potential on the field frequency w.



COMPLETE LIST OF QUALITATIVE REQUIREMENTS

Continuous operation.

Large exposed volume.

Suppression of ionization.

Field penetration to the nucleus.

Attainment of a sufficiently large ponderomotive potential.
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SOURCES OF STRONG FIELDS

* Large pulsed lasers can satisfy #5, but not the other requirements.

* Even state-of-the-art microwave sources cannot satisfy #5.

* All 5 conditions can be satisfied by available radiofrequency power
sources, operating continuously, with the power sent to a coaxial
transmission line or cavity.



RELATIVISTIC PONDEROMOTIVE POTENTIAL

Currently, short-pulse Ti-sapphire lasers are the accepted means of
generating ponderomotive potentials that are comparable to the rest
mass of an electron.

Up of the order of mc? can be achieved on a continuous basis with MHz
rf power sources.
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HOW TO MAKE PRACTICAL USE OF THE LOW-FREQUENCY DOMAIN

A frequency of 1 MHz corresponds to a wavelength of 300 meters.

It is obviously not practical to require a volume of the order of 300 m on
a side in order to utilize the possibility of large U, at low frequency.

There is a simple alternative that serves to provide all of the basic
elements required for success:

A COAXIAL TRANSMISSION LINE

The field between the coaxial conductors perfectly duplicates the
characteristics of a plane wave field propagating in free space.



THE COAXIAL ENVIRONMENT

Within the coax:

« For cw operation, the field is infinite in the axial direction.

e From symmetry, the field is infinite in the azimuthal direction.

e Because of the conducting cylinders, the space between the
conductors is completely isolated from the “outside world”.

e E, B, and the propagation vector k are all mutually perpendicular.

e For wavelength >> outside diameter, ONLY a pure TEM (plane-wave)
mode can exist in the coax.

AN EMITTED BETA ELECTRON CAN ONLY BE A VOLKOV ELECTRON.
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REVIEW OF THE PRACTICAL REQUIREMENTS

Continuous operation.

Large exposed volume.
Suppression of ionization.

Field penetration to the nucleus.

Attainment of a sufficiently large ponderomotive potential.

Continuous operation poses no problems.

The volume between the coaxial cylinders is far smaller than A3, but

it still macroscopic.

Radiation at 1 MHz (fico = 4x 107 eV) will not cause ionization.

See next slide.

The rf coaxial environment is chosen specifically to meet this

condition.




SHIELDING OF THE NUCLEUS FROM THE APPLIED
ELECTROMAGNETIC FIELD

There is one further BASIC PROBLEM TO BE SOLVED:
Atomic electrons will act as a “Faraday Cage” to shield the nucleus from
a low-frequency external electromagnetic field.

THE SOLUTION:

In the 1980s experiments, the 3’Cs source was in the form of CsCl — an
ionic crystal.

The valence electron of Cs is a part of the lattice; Cs is thus present as a
singly-charged ion.

From elementary electromagnetic theory, 1/55 of the electric field will
penetrate to the nucleus (Z=55 for Cs), or (1/55)? of the intensity.



QUANTUM THEORY OF FIELD-ALTERED NUCLEAR BETA DECAY

Usual transition amplitude for nuclear beta decay:

Sfu =—— XE Id X fyﬂ(]_ Ky )LIJ ][\Tj(e)yﬂ(l—j/5)‘~lf(v):|

G weak interaction coupling constant
Y., ¥, Initial and final nuclear states

¢ @) electron and neutrino free-particle states
¥ =¥ Dirac adjoint
x nuclear form factor

0.1 2 3

", 7> =iy’y'y°y° Dirac matrices



From earlier work [HRR, Phys. Rev. C 27, 1199 (1983); 27, 1229 (1983)],
it is known that field effects on the nuclear wave functions will be small
as compared to effects on the electron. The neutrino plays no role in

field interactions.

The free-electron wave function will be replaced by the Volkov electron
wave function when a plane-wave electromagnetic field is present.



_e(y-k)(y-A

Voo — g (©) exp{—i (nk X+ sink - x+%7ysin 2k - xﬂ {1

u = free-particle spinor satisfying (*p, -m)u =0
p” :{E, p} Is free-particle mass-shell momentum; p“p, = m°
k“ :{w,k} is propagation 4-vector of the field; k“k, =0

2,2 52
7= jpék 65 ea!fkg‘
A* :{0, A} is the 4-vector potential of the field in radiation gauge

. 4-vector products are p-k = p°k® - p-k

A=az cosk - x

1/2
gl = [%) exp(—ip : x) IS the field-free electron wave function

2p-k

|



SQUARED TRANSITION AMPLITUDE

The Volkov solution contains two terms with different gamma-matrix
properties. The second term represents “spin-flip” and “virtual pair
production” contributions. Because of the many gamma-matrix factors,
the trace procedures involved become very complicated. The first term

is simpler and dominant (see the 1983 papers). Only the first term will
be treated here.

The absolute square of the S matrix is:



1SH| = /dtfdt exp —Fo + Ee+ E) + ??L'J) (t— f;)] /dST./dBTrsl

X exp —i (ke + k) + k) - (r —1') + i (sink -2 —sink - o)

—I—ég (sin 2k - & — sin 2k - :L’)} _.

_ T t T 2( F T f
By = ('t'--’f'tl-‘a')r ('L‘--‘f%) . +— K (Ufﬁiﬁz)r' (’E;-Jfﬁb‘z') o
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The simultaneous presence of exponentiated single-frequency and
double-frequency trigonometric terms signifies the existence of the
generalized Bessel functions (GBFs), whose generating function is:

2
exp |7 (usinf + vsin 20)| = Z exp (inf) J, (u,v) .

n=—=o

This substitution makes it possible to do the time integrations because
the squared transition amplitude now has the form

- : / 3 3 K
—G, __?F Jj =6, 57 dt | dt' [ d°r | dr B

X exp [i (—E—u + Ee + Epy +nw) (t— ') — inwt + Elji_a,'fj]

|S5i|” =

X exp [—é (ke + k() +7k) - (r — 1) +ink -1 —ijk - r'r] .

The time integrations are now simple representations of delta functions.
The delta functions result in j = n, removing one of the sums.



The product of two energy delta functions is redundant, but one is

removed in passing to an elementary transition rate by taking the limit:
Lo 2
= lim — |9
w= lim =[Sy

The result is

G2 1 2
w = Qﬁrg Z {jn (—g- ) ?)} 0 (—En + Ee + E() + nw — ?1;-;)

'

X f{ﬂg-?’ f &°r' By exp [—é (1-:E + k() + nk — -;rzk) (r— r":}] .

The total transition rate is found by integrating over the phase spaces of
the outgoing electron and antineutrino. The delta function can be
employed to accomplish the neutrino phase space integration. The
neutrino energy is

Ew) = Ey + nw — nw — Ee.



After the integral over the final phase space of the emitted electron is
changed from a momentum to an energy integration, the total transition

rate is:

2G2 ] , 1)z, ; o 2
(Q,Tf‘ Zn: / dEed )e Fe (EE —m ) (Eo +nw —nw — Ee)” | Jn | —C, —57

X /dﬁ?‘ / Er'Brexp [i (ke + kpy) -(r—1') +i(n—n)k (r —1')] |

W =

In this form, it is easy to see how, in a forbidden beta decay, where the
angular-momentum/parity selection rules are violated, the usual role of

(kE —+ ]{{y;,) - [I‘ — I‘f:}

in the exponential function is now supplemented by the field-
dependent terms
(n—n)k-(r—1')

#



INTERIM APPRAISAL

Features that are not familiar from usual beta decay theory are:

 The squared GBF. This will be evaluated by a steepest-descent
calculation based on 7 as a large parameter.

 The sum over the index n. That index will be shown to be related to
the number of photons that participate in modification of the beta
decay. The sum will have to be evaluated.

* The Volkov parameter 1 that appears in several critical places in the
transition rate.

* The difference n - np plays a critical role. The meaning of this
difference and its magnitude will have to be established.



INTENSITY PARAMETER

There is only one dimensionless intensity parameter that arises in a

free-electron problem:
L l eq 2 B 2U )
" 2 mc? mc?

The speed of light c is introduced temporarily here. After this, the
natural units i = ¢ = I are used.

The two Volkov exponential factors 7 and {are related by

n _ ea N ea :\/zz(OSS) Z%(/Z
¢ 4lp-gl 4m 8




FREQUENCY DEPENDENCE

Both 77and £ have the 4-vector product pk in the denominator:
p-k=Ew-p-k=a(E-p-K),

so that both depend on 1/@w, where wis a very small quantity.



SPATIAL DEPENDENCE IN THE VOLKOV SOLUTION

The Volkov solution has three terms in the exponent:
nk-x+¢£sin k-x+%nsin 2K - X,
each of them dependent on the phase
K- x=awt—K-r :a)(t—IZ-r).

Multiplication by the nand £ parameters removes the small w factor.
In a forbidden beta decay, these r — dependent terms play the same role
as the exponentiated electron and antineutrino terms

exp[—i(ke +k(v))-rJ

in preventing the nuclear matrix elements from giving a zero result.



