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(6)(&);=&.={R+.)'.+b(;)Ay

assuming X=O for direct currents.
The seconu pnncip e od

' '
1 f thermodynamics requires that io be

ra e otentia1 dif-zero on the average, in order to give no average potentia
ference, Vg —VB, so that

(jII)Ay =0

and Eq. (5) yields, after averaging,

(q)Ay = q 0= b(~')Ay.

This means t at e .c. coh th d component of the fluctuation exactly
i6ed volta e due to the thermal oscillating current.

Furthermore, the Nyquist formula (1) must app y o e r
of the recti6er fEq. (3)J as well as to the resistor R, Suppose for a
moment that the thermal noise in the rectifier is stronger than in

f
' '1 - 1 e. This would mean that the noise

from the rectifier should heat up the resistor R and produce, after
hil, d'ff e in temperature between recti6er an resistor;

this would again be a contradiction of the secon princip e.
proves that

(83(p 2)Ay=4(R+r)kTdv,

a formula similar to {1),applied to the whole circuit. Hence

(v.') ~ R+
(R+r)'+X' (R+r)'+X'

and finally with the help of Eqs. {7)and (9}

kTd (10)q s=b(i„')Ay=4b

The direct component of the noise„corresponuing to the fre-
uency band dv, depends on the properties R, X of the whole

t'6 d current in the circuit, and no directcircuit. There is no rec i e c
~ ~ ~

voltage across t e rec i er.h t'6 For an actual electric circuit, X de-
10 fromends on v, and an integration performed on Eq. (10}, rom

v=0 to v= ~ ields the total direct yo-term. Application of the
formula to special examples always shows a complete compensa-
tion of direct average voltage.

e eneral method ofThe whole procedure is an example of the general met o o
detailed balancing discussed by Bridgman. '

i P. W. Bridgman, Phys. Rev. 31, 101 (1928).
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ECENTLY' Modesitt and Koch investigated the production

b Th de measurements of the momentum trans erre o
nuclei in the creation of pairs by quanta of energies rang' g

in senes wi a rec i'th ti6er for which we assume a relation

Vg —V~= f=ri+bi (3)

b the difference of potential f and the current s.etween e i
will be eneratedAt a temperature T, electromotive forces q wi g

in the circuit, for the frequency band dv, and may contribute to
the d.c. electromotive force. We assume

P= &0+0'v
(4')((P)Ay= +0 (Pr)Ay=0 (qr )Ay —0,

littin the d.c. component of go from the oscillating term p„.
These electromotive forces produce a curren

ponent io and an oscillating component i„
q„=(R+r+j X)i„ {5)
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FIG. 1. The theoretical and experimental probability distribution
curve of nuclear recoil momentum for pair production in air.

1.02 to 19.5 Mev. The momentum imparted to the nucleus is re-
lated to the distance from the nucleus at which the electron
pairs are formed. The data on recoil momenta of nuclei then
constitute a test of a feature of the theory of pair production.

Bethe and Heitler' have given the theory of pair production y
t the Coulomb 6eld of a nucleus. For large

le robabil'tenough quantum energy the theory predicts a simp e pro a i i y
distribution for the nuclear recoil momentum'

@(p)dp =const. dp/p,
provided

1))p/mc»b/mc =mc'k/2F+E .

Here 8 is the minimum possible momentum transfer. However, the
quantum energies used in the experiments' are too small to justify
comparison wi'th the simple formula above, since the minimum
value o 8 mc a sayalue of 8/mc (at say k=20 mc) is 0.1, which hardly allows p
to satisfy the conditions.

In order to obtain a formula which can justly be compared with
experiment an exact numerical calculation of @(p} was made for
a quanantum energy typical for the experiments, k=20 cm'. Bethe'
has iven, by simple alterations of his Eq. (32), a form
differential cross section for pair production which is convenient
f t' . P, t of the necessary integrations in calculating

r wo k thenIt(p) were performed analytically by Bethe. Further work t en
con sisisted essentially of numerical integration.

The theoretical probability curve at k=10.2 Mev and th e ex-
penmen a resu st 1 suits for the range 8 to 11 Mev are shown in ig.
The calculated median momentum 1.0 mc and the expenmen a
1.6 mc are in disagreement. The validity of the Born approxima-
tion is hardly in doubt since the pair production took place in
air; furthermore, screening is negligible in the range of recoil
momenta involved. It is clear from the figure that the simple
dp/p law at this energy is a poor approximation to the actua
theoretical curve.

At higher quantum energies the theoretical distribution unc-
tion approaches the simple asymptotic formula given by Bethe.
The concentration of momentum transfers in the neighbor oo
of the minimum momentum increases with increasing quantum
energy and the median, consequently, decreases. In the data of
Modesitt and Koch there is no such variation of the median mo-
mentum with quantum energy. The form of their histograms is
essentially the same from 3 to 19.5 Mev. Their set of observed

d' enta are larger than predicted by the theory, t e
.0 to 19.5difference being greatest for highest energy range, 17. to

Mev. This disagreement between theoretical predictions an ex-
periment has not been explained.

The author wishes to express his gratitude to Professor
A. Nordsieck for suggesting this problem and for his interesting
and helpful discussions.
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