THEORY OF MULTIPOLE RADIATION

mine the relationship between the longitudinal and
transverse fields, for there enters here the ratio of p.M
to pr’M which requires a detailed knowledge of the
charge-current distribution. The exceptional case is the
long wavelength limit; in this case we have p Y= p;/
and then the condition that the current be bounded
establishes a unique connection between the longi-
tudinal field and the transverse (electric type) field,
and thus enables us to express the electric radiation in
terms of the charge density.

Examining this from a slightly different point of
view, it follows from (10) that for 2R<1 the most singu-
lar part of E is simply the longitudinal field. Thus in
the long-wave limit, the electric field near the surface is
purely longitudinal. In this limit, then, we can regard
the electric type field as being determined by the wave

899

equation and the boundary condition that for small R
its electric field reduce to the longitudinal field. Thus
there arises the connection between the two fields.
Incidentally, we remark that in some calculations where
the long-wavelength approximation is used from the
beginning one may, because of the close connection be-
tween the fields, encounter an ambiguity in separating
the contributions of the longitudinal and transverse
electric fields to the process in question. Such am-
biguities are, of course, resolved by examining the
transition from the rigorous solution to the long-wave
limit.

Finally we acknowledge conversations with Pro-
fessor John Blatt and Professor V. F. Weisskopf who
pointed out to us the importance in this problem of the
condition that the source be bounded.
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The average charges on the CI37 and Xe®! atoms produced in the transitions A¥—CIl37 and XeBlm—Xeldt
are found to be 4+3.41+£0.14 and +8.540.3 electron charges, respectively. Estimates of the values to be
expected from fluorescent and Auger processes and from Z change are made.

INTRODUCTION

TTEMPTS have been made to explain the chem-
ical effects which are known to accompany radio-
active decay on the basis that the atoms whose nuclei
undergo radioactive transition are left in ionized or
excited states. In the case of the isomeric transition in
Br#®, Cooper! has calculated that a charge of 4-4.7¢ is
built up within 10~ second for one K-converted gamma
ray. The estimate of De Vault and Libby? for Br®
is +7e. Serber and Snyder® have calculated, in the cases
of beta decay at Z=90 and Z=10, average excitations
of 125 ev and 54 ev, respectively. Other workers have
made calculations of the probability for the ionization
of electrons in the various levels as a consequence of
beta decay, electron capture, and alpha decay.* This
probability in the K shell is of the order 1/Z2 for elec-
tron-capture or beta emission; and the probability
changes in shells of higher principal quantum number.
T Research carried out under the auspices of the U. S. Atomic
Energy Commission.
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Careful measurement has been made of L-electron
ejection in the o decay of Po®?; the result is about
fourteen times larger than theory predicts.® The K-
electron ejection accompanying the Po?° a decay has
been measured by Barber and Helm ;® the experimental
results are of the order of magnitude predicted by
Migdal.* Measurement of K ejection in the B decay
of S% gives a result in good agreement with theory.”
Recently, a preliminary report on the average total
charge of the CI¥7 product of A%" decay was published,?
and some work has been done with compounds of CY,
Br® H? and with a Kr-Xe fission product mixture.?®
A detailed description of the measurements and results
for A% and Xe®'™ is given in this paper; the experi-
mental method used is free from many of the ambigui-
ties which raise questions about the older charge deter-
minations.
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EXPERIMENTAL METHOD AND APPARATUS

The important quantities measured in these experi-
ments were (1) the current resulting from the collection
of the primary positive ions produced in a sample of
radioactive gas and (2) the disintegration rate of the
gas sample. The quotient of the quantities, (1)/(2),
is the average charge per disintegration.

Figure 1 is a diagram of the chamber used for the
current measurements. The outer electrode A was main-
tained at any desired positive potential by a stable,
quiet power supply;! the current produced by the
collection of the positive ions at the central electrode
C, near ground potential, was measured by a vibrating
reed electrometer and Brown recorder. Close to the
electrode C and insulated from it by quartz spacers
was a grid about 95 percent transparent; the applica-
tion of a negative potential, battery supplied, to this
grid served to return secondary electrons produced at
the surface of electrode C to the electrode. Tests showed
that electrical leakage from the grid to the collector
electrode, at the higest grid voltage used in the experi-
ments, was less than one percent of the smallest meas-
ured positive-ion current. The geometry and electric
fields are designed to return wall secondaries to the
wall and to allow only a small fraction of the energetic
primary electrons to intercept the central electrode.
Electrode diameters and active and dead volumes of
the tube were carefully measured so that the necessary
corrections to the measurements could be calculated.
Before admission of the radioactive gas to the tube,
it was baked and pumped; the A% and Xe'®'™ intro-

W, A. Higinbotham, Rev. Sci, Instr. 22, 429 (1951).
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duced were essentially carrier-free. It was thus possible,
during the course of the current measurements, to
maintain in the sealed-off tube a pressure of approxi-
mately 10~ mm, corresponding to a mean-free-path
of the order of 40 times the tube radius.

By use of the reed electrometer as a null-detector
in a2 Wheatstone bridge, the resistors used with it for
the current measurements were calibrated and checked
from time to time. The primary standard was a wire-
wound resistor, 10°4-10% ohms. Calibration of the reed-
recorder combination was effected by the introduction
of accurately known voltages from a Rubicon potentio-
meter.

When the current measurements on a sample had
been completed, the chamber was fused on to a vacuum
system at its break-seal. After carrier argon was added,
the active gas and carrier were well mixed and trans-
ferred, by means of a Toepler pump, to a calibrated
part of the vacuum system. By manipulation of this
part of the system it was possible to introduce small,
known fractions of the active gas into glass proportional
counters of a type useful for the determination of ab-
solute disintegration rates.!? For a given gas sample
the results of different assay procedures agreed to ap-
proximately plus or minus one percent.

The A% used in these experiments was produced by
the #, a reaction in Ca®. Five gram samples of metallic
calcmm outgassed at 600°C and sealed in vacuum in
silica ampoules, were irradiated for about one month
in the Brookhaven reactor. Cadmium foil wrappers
served to absorb slow neutrons. The metal samples
were put into a silica liner held in a silica tube S,
attached to part of a glass vacuum system as shown in
Fig. 2. Apiezon grease which had been melted in vacuum
was used in the stopcocks. After the metal had been
again outgassed at about 700°C, and the current meas-
uring tube T had been given a final bake-out, the cocks
A and B were closed ; and the calcium was then melted
by induction heat. If the vacuum requirement made it
necessary, the tube S could be cooled with liquid ni-
trogen or the barium getter in the side arm could be
flashed. Cock B was then opened to allow the active
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I16. 2. Vacuum system for filling chamber.
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gas to diffuse into T, and then the tube was sealed off
at point C and removed. ‘

The Xe®®™ was the decay product of the chain
TeBl—-IBl—Xe®m, jrradiation of tellurium metal in
the reactor produced the Te®. Except for adjustment
of temperatures to take into account the low melting
point of tellurium, the method for introduction of the
Xe®™ into the apparatus was the same as that used
for the A%

MEASUREMENTS AND RESULTS

Measurements of the positive-ion current in the
chamber were made over a range of applied wall volt-
ages at each of three grid voltages. Figure 3 shows the
results of a set of such measurements for A¥. The
ordinate in this figure is the voltage developed across
a 1.932X 10" ohm resistor by the positive-ion current.
It is seen that at each grid voltage there is a positive-
ion current plateau and that the plateau current is
independent of the grid voltage. The current increase
at the upper end of the plateaus is caused by the ex-
traction of secondary electrons from the grid-collector
space by the positive field from the wall; as expected,
the application of increased negative potentials to
the grid extends the plateau to higher wall voltages.
In each experiment the plateau current decay was
followed for at least one half-life as shown in Fig. 4.
The half-lives for A% and Xe®'™ as observed in this
way are in good agreement with the accepted values of
34.1 days and 12.0 days, respectively.®

The energy of the Xe®'™ transition is 163 kev. The
radiation is 98 percent converted; 63 percent of the
conversion occurs in the K shell, 27 percent in the L
shell, and 10 percent in the M shell.* Activity measure-
ment of the xenon assay samples presented no special
difficulties. The unconverted transitions were not de-
tected in the counters and should not have produced
current in the chamber.

A% decays by capture of K and L orbital electrons;
the L/K ratio is 0.09.!% In a proportional counter con-
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taining A% the pulses fall into two groups, whose
relative energies correspond to the binding energies of
K and L electrons in chlorine. The A% counters ex-
hibited two plateaus. At the lower voltage plateau only
the larger pulses were counted; at the higher plateau
both pulse groups registered. The smaller pulses are
associated with L-capture events and with those K-
capture events which are accompanied by K fluores-
cence not absorbed in the counter gas. The ratio ob-
served for the count rates on the two plateaus, 1.20
+0.01, agrees with that calculated from the L/K ratio,
the chlorine fluorescence yield'® (0.11), and the ab-
sorption of the counter gas for chlorine K x-rays.

The decay of the A% and Xe'®™ in the counters was
followed for from one to three half-lives. No radioactive
impurities were observable.

The chamber currents, sample disintegration rates,
and final results are shown in Table I.

The currents tabulated have been corrected to take
into account the insensitive volume of the chamber,
positive-ion collection efficiency, fast electron-inter-
ception by the central electrode, and slow electron-
collection by the central electrode. The magnitudes of
these corrections applied to the measured currents were
approximately 6 percent, 10 percent, 1 percent, and
1 percent, respectively.

The chamber used in the measurement of A%—1
was an early model with an aluminum coated wall and
glass grid insulators; the larger error given with the
A% —1 result is related to the existence of grid to central
electrode leakage current in this chamber.

DISCUSSION

The average ionic charge expected in the decay of
XeB'™ may be calculated approximately from the Auger
transition probabilities; the recoil energy, less than one
ev, is insufficient to produce ionization. For the xenon
case the charge was calculated for a K fluorescence
yield of 0.87;'¢ an L fluorescence yield of 0.11;7 and

16 Broyles, Thomas, and Haynes, Phys. Rev. 89, 715 (1953).
17E. H. S. Burhop, The Auger Effect (Cambridge University
Press, Cambridge, 1952).
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TasBLE 1. Experimental results

Chamber Disintegra-
current tion rate Ave. charge per disintegration
Sample (amperes) (events/sec) (electronic charges)
A¥—1 1.56X10712 2.72X10% +3.5840.22
A2 472X107% 886X10° --3.32.00.1 } +3.41£0.14
XeBlm  235X107% 1.72X10* +8.5 £0.3

a This value is obtained by recalculation of the result previously re-
ported (reference 8); an arithmetic error has been eliminated, and the value
of the chlorine K fluorescence yield has been changed from 0.08 to 0.11.

division of Auger probability, according to Pincherle,!
LL—K® (0.56), LM—K® (0.32), LN—Kx (0.07),
MM—Kw» (0.05). It was assumed that an analogous
probability division applies to Auger transitions which
originate with L level holes. The charge thus calculated,
without contribution from Coster-Kronig transitions,
is for K converted decay events +6.72, for L conver-
sions +6.62, and for M conversions 4.00. The average,
weighted according to the Xe®!™ decay scheme, is
+6.41. It is possible to increase the calculated charge
by 3 units by inclusion of some of the energetically
allowed Coster-Kronig transitions. Unfortunately, data
for the transition probabilities do not seem to be
available.

For the A% the division of the Auger probability is
LI—K®(0.65), LM—Kx» (0.31), and MM—
K (0.035). Again without Coster-Kronig contri-
bution, the charge expected in K capture would be
2.42;1in L capture it would be 1.0. The weighted average
is 2.30. The maximum possible Coster-Kronig contri-
bution to the charge, 0.8, is made if every K hole which
is filled by Auger processes involving the L level pro-
duces one L1 hole and if all Ly holes give rise to Coster-
Kronig ionizations. L electrons are expected to be
involved in L capture. A rough estimate of the actual
Coster-Kronig contribution to the charge for A% would
be about one-fifth?® of 0.8 or 0.16. Thus the experi-

18T, Pincherle, Nuovo cimento 12, 81 (1935).
19 Reference 17, p. 77.
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mentally measured charge for A% is at least 0.340.14
and more probably 0.9-4-0.14 electron charges larger
than that expected from Auger processes. A change in
the division of the Auger probability from that used
above to LL—K » (0.90), LM—K « (0.09), and M M—
K (0.01) would add 0.25 unit to the previously cal-
culated charge. In addition there would be an increase
in the Coster-Kronig contribution of 0.3 as a maximum
or more probably 0.06.

The A% recoil energy, 9.6 ev,? is insufficient to cause
electron loss.

A small further contribution to the total charge both
for A% and Xe®™ is to be expected from the change
of electrostatic potential in the nuclear transition
(electron ‘‘shake-off”’).* According to Primakoff* the
probability of double K hole production in K capture
is 3/(47%s), where Ze: is the effective nuclear charge.
For A% the contribution from this source to the charge
is negligible; ionization in the L and M shells in the
K-capture act is also very small because for these elec-
trons the electrostatic potential of a nucleus Z shielded
by two K electrons is nearly the same as that of the
product nucleus Z—1 shielded by one K electron.

It should be pointed out that the foregoing analysis
of the “shake-off”” process is incomplete. Beta decay,
as opposed to K capture, results in a change of electro-
static potential which influences all electrons. The
“shake-off” probability here increases with increasing
principal quantum number because of the decrease in
Zets. Similarly, the creation of vacancies in the elec-
tronic cortege by Auger processes and by internal
conversion results in a change of electrostatic potential
for all electrons having a principal quantum number
equal to or greater than that of the vacancy. This
effect should produce an additional charge of approxi-
mately 0.05 for A% and approximately 0.2 for Xe!3m.

The authors take pleasure in expressing their appreci-
ation to Dr. Max Wolfsberg and to Dr. William Rubin-
son for valuable discussions.

2 Richards, Smith, and Browne, Phys. Rev. 80, 524 (1950).



