
LETTERS TO THE EDITOR i055

potassium content of the crystal. The crystal, 5.26 g of optically
perfect Harshaw KI (0.5 percent Tl added to the melt) gave a
total K40 beta-count of about 2000 counts/minute. The crystal
gave pulses about one-fif th as large as NaI- Tl pulses of the
same energy. The energy resolution width was greater than that
of NaI-Tl by the square root of the pulse size ratio.

The Jordan and Bell ampli6er was used, modi6ed to employ
delay line pulse shaping. At the pulse width used (3 ttsec} the
slow components of the light decay in KI-Tl' yielded delayed
pulses of about the same size as the thermionic emission back-
ground of the photomultiplier tube. This indicated that the mean
time interval between photoelectrons of the slow components was
greater than the amplifier pulse width, so that the delayed pulses
were essentially of single-electron size. These slow component
pulses were too small to affect the experiment. The fast component,
on the other hand, decayed in much less than the amplifier rise
time used (1 psec).

The energy calibration and resolution width were determined.
from the photopeak of the annihilation radiation of Cus4. Back-
ground (=1 percent) was measured with the aid of a NaI-Tl
crystal. The small (=2 percent) effect of the detection by the
crystal of its own K40 gamma-radiation (1.46 Mev} was calculated,
using the known gamma-ray rate, 2 the geometry, and a pulse-
height distribution obtained with an external gamma-ray source
(K4s, 1.51 Mev). ' The beta-ray distribution was corrected for
resolution. ' A further distortion of the spectrum exists, caused
by those beta-particles which emerge from the surface of the
crystal. A method was developed whereby this distortion could
be approximately calculated, using an empirical electron range-
energy curve. The energy distribution was then corrected for
this eBect, and a Kurie plot analysis made.

An "allowed" plot of the data, not corrected for resolution or
the above-mentioned surface eGect, is shown in Fig. 1. The con-
vexity of this plot is a good indication that the deviation from
an allowed shape is real. The "allowed" plot of the corrected
data Fig. 2 (c=1), is quite nonlinear. The result of applying the
unique axial vector or tensor theoretical correction factor corre-
sponding to the known spin change of four, and assuming a
parity change, is shown in Fig. 2 (c=c). The fit to a straight line
is quite good, in agreement with recent measurements. ' r How-
ever, the deviations from linearity are much smaller in the present
experiment. This confirmation, by a different method, of agree-
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FrG. 2. Kurie plot analysis of corrected data.

ment. with theory for a third-forbidden transition, further
strengthens the evidence for the correctness of either the axial
vector or tensor interaction in beta-decay.

The end point energy obtained is 1.28~0.03 Mev, somewhat
lower than previous measurements. ~ ~

The linearity of the Kurie plot allows an extrapolation of the
total counting rate to zero energy to be made easily. In this way
the beta-decay rate was measured as 27.1+0.6 betas/sec/gram K,
or Xp =4.67~0.15&(10 '0 yr ' (using the relative abundance
K40/K of 1.19~0.01)&10 ' given by Nier'}. This has been cor-
rected for all the e8ects mentioned above, using integral forms
of the corrections. The value is in agreement with that of Sawyer
and Wiedenbeck, ' who also used a 4~ geometry, They obtained
28.3~1.0 betas/sec/gram K.

The author wishes to express his indebtedness to Dr. Henry
W. Newson for his helpful supervision of this work.
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N electron bound to an impurity is usually treated like a
hydrogen atom in which the electrostatic force is reduced

by the dielectric constant e of the crystal. ' We shall use a more
detailed treatment for a phosphorus impurity in silicon.

The electron moves in the field of the ion, in the dipole field of
the polarized atoms, and in the periodic 6eld of the crystal. The
atoms are polarized by the ion and electron charge and by all
other dipoles. The polarizability of a silicon atom a=3.81A' is
obtained from the equation of Clausius-Mosott& with e= 13. Tb



LE TTERS TO TH E E D I TO R

4K
f$-(

f4-"

v-

TOTAL
fNERO'

6 7 b 0 f0 ff4

CY
~ Q

In the above model the minimum of the total ener is —0.065
, in essential agreement with experimentl and with

gy ls-
the simple theory. It is only by taking all eRects together that a
bond with small a is excluded; but once the orbit is large, the
phenomenological theory holds.

I wishwish to express my gratitude to Professor W. Pauli for his kind
support, to Professor G. Busch for suggesting the problem, and to
Dr. R. Schafroth for much helpful advice.
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ATTERING of a plane wave by a square well potential hasCATT
been treated in anb t d an approximation comparable in simplicity

to the Born approximation but with the added feature of being
exact at low energies as well as high.

amplitude:
One proceeds from the integral formula for th tte sca enng

f(S) ={mVq/2rl') f exp( —ik' r)P{r)dr;

l'0 is the depth of the well, m is the reduced mass, and the integral
is over the domain r&a, where a is the radius of the well; and
P(r) is the exact wave function inside the well, i.e.,

)It (r}=Zt at(21+1}i'jt(ar}Pl(cos8), (2}

where cx is the interior wave number and the coe%cients a««
found as usual by matching logarithmic derivatives:

'= 'Il:j (y)i'(~) —(y/&) jl'(y)&t(~}j
—~I jt(&}ji'(~)—(Y/~)jl'(X}jt(~}
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RADIOS OF OR8lT o

FlG. 1. {I) Negative energy of the electron bound to a free
atom. (II) Energy of the electron in the di 1 fi ld
charge. There are conontributions from the continuum of distant {&S.16A

n e ipo e e arising from the ion

ipo es (a), from 12 dipoles at 4.49A (b -a), from 12 di
and from 4 dipoles at 2.2TA (II —c). (III -II) E—c . — nergy arising from the di8er-

in the periodic potential of the crystal. (V) To 1

o a -ion vent respect to a Si-atom. (IV —III
minimum is -0.06$ ev at a ='IA

jI, ()
where x=ka; y=ua.

It is now observed that the series (2) is summable if one sub-
stitutes for the spherical bessel functions in Eq. (3) their asym-
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orn approximation,

28 nearest silicon atoms are considered explicitly; those farther
away are treated as a continuum. The dipole moments due to the
ion and the inner Geld are calculated making use of s
For the 1e e ectron-dipole Geld we take an approximation of the
radial component of the ion-dipole Geld, namely,

p(p ( /dg)p(g) p(@
1 (~/{ } for ~45 16A' {=5 37A
1/&=0.077 for d&5.16A

and then assume that the electron-dipole Geld is the same ex-
pression, where d is the distance from the elect

Th
e eec ron.

e method consists in minimizing the energy for the hydrogen-
like wave function P(r) = (~a') 'I'e~jo with res t t th d'wi respec o t e ra'ius a.

The sum of kinetic energy ks/2m' and potential energy —es/a
of the electron in the Geld of the ion must be slightly altered to
give an ionization potential of 10.9 ev for free phosphorus
(curve I of Fig. I).This Grst energy is negative. The other energy
terms are all positive. Second term: the energy of the electron in
the dipole Geld arising from the ion charge (curve II}leaves a weak
bond for a=7A and a stronger one for a=1A. Third term: the
energy of the electron in the dipole Geld arising from the electron
itse f is diRerent in the bound and conducting states. Namely, the

on, w ose po arizability isound electron acts on the phosphorus ion wh 1
' b'li

taken to be smaller than that of a silicon atom by a factor (14/15)'.
For calculation of the resulting repulsion from the ion (III-II)
cut-off radii Ep+=1.10A for a phosphorus ion and Ee&=1.17A
or a silicon atom are assumed, within which there are no forces

'
en y, t e potentialbetween the electron and the dipole. Incidentall the

energy of a conduction electron in the Geld of the dipoles which
it induces becomes —10.0 ev, correspondin to an i

ourth term: it is found that a periodic potential in the
crystal changes the energy only for small e (IV III). -


