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Introduction.

In the field of electricity, pure ohmic, inductive and capacitive
resistances can rather easily be constructed; similar pos-
sibilities are, however, absent within acoustics. Here, the acoustic
values corresponding to ohmic resistance, inductance and capa-
city rarely occur alone, i.e. independently of one another, but
mostly interdependent, viz. the change of one of them involves
changes of one or all others. The need of an acoustic standard
became a claim after ScHUsTER’S construction of an acoustic
Wheatstone bridgel). Also at Breslau, in WAETZMANN'S laboratory,
a variable acoustic impedance® seems to have been constructed
which, however, was troublesome to handle and which, more-
over, was only approximately correct; its description never was
published. The impedance used by SchHusTER. in his bridge is
continuously variable; however, its calculation is rather compli-
cated® and it is difficult to make it comprise both the small
absorption coefficients from 0 to 10 %, and the great ones ex-
ceeding 90 °/y; finally, its reactive part (the felt tube) and its
ohmic part (the piston tube) do not work quite independently
of one another. A variable, radiation-damped acoustic impedance
including the impedance values which probably exist for the
human ear was earlier suggested by THoRsENY.

In the following, the writer wishes to account in detail for
the construction of a variable acoustic impedance which is rela-
tively simple both in its mode of action and its manipulation and

1) K. ScausTER: Phys. Zt. 35, 408, 1934.

2) K. Scyuster: E. N. T. 18, 164, 1936.

3) K. ScuusTEr and W, STéHR: Akust. Ztschr. 4, 253,.1939.

4) V. Teorsen: D. Kgl. Danske Vidensk. Selskab, Mat.-fys. Medd. XX, 9, 1943,

(in the following denoted as Essay I). 1o
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which, furthermore, covers a large range of absorption, viz. that
from practically 100 °/; nearly down to 0 °/,. Besides, it is almost
purely radiation-damped, whence its damping is easily measur-
able, for example, with a condenser microphone. This is of im-
portance not only when its calculations are to be controlled, but
it will likewise increase its range of applicability.

1. The Tube as Acoustic Impedance.

According to the theory of the acoustic tube-line, every smooth
tube without dissipation represents an acoustic impedance of the
magnitude

‘ Z b
—%cos ki isinki
Z, oc
= C— @
oc

. le . 7
coskl+1—sin ki
oc

Here, ici.is the inlet impedance, i.e. the impedance at the mouth
of a tibe of length [, which at the other end is terminated by
the impedance ZZ (the outlet impedance). When introducing
the amplitude I'Qeﬂection coefficient r of the outlet impedance,
which is determined by

and its phase change ¢, (1) may also be written

Zi 1 —r*—i2rsin (2Qk—9) @
oc  14+r*—2rcos Qkl—9) °

1) Cf. V. TronseN: D. Kgl. Danske Vidensk. Selskab, Mat.-fys. Medd. XX, 10,
1943 (in the following denoted as Essay II).
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u

oc

then being written in the form wy+ ige, (1) passes into

1
P w +i< cos 2 kl—— [w? + 2 —1] sin2kl>
A._ _ 0 9o B 0T 90 . (3)

gc (cos kl— go sin kI)® + w? sin? ki

Thus, we have

where

wy

gosin kD2 + w? sin® k!

I =

(cos kl
()

1 .
Gocos 2 kl— [} +q5—1]sin 2 k!
(cos kl— gy sin kD? + w} sin? ki

Finally, when introducing the energy absorption coefficient «a,
we find

4w 2q ]

= *—W 1)2+q2 and g9 = ——w2+q2__1 .

(5

a

The equations (5) in a (w, ¢) coordinate system with a and
tg & as parameters represent the known system of circles inter-
secting one another at right angles, as shown in Fig.1.

We shall now look at some simple cases.- For. the absolutely
rigid, perfectly reflecting wall, we have

a= 0,
i. e. the very ¢ axis and, therefore, w = 0. Further, # = 0, i. c.
an infinite large phase circle, whence ¢ = oc. For the absolutely

compliant wall, we again have

a =0,

1) Cf. Essay I, p. 5, and Essay I, p. 9.
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Fig. 1.

hence, also w = 0, but in this case ¢ = +x, i.e. ¢ = 0. The
point (1.0) corresponds to a substance of the same acoustic
resistance as the air.

Summarizing, we thus have,

for the rigid wall: w=10, qg=oc,

for the compliant wall: w = 0, ¢ = 0.

For the perfecily absorbing substance: w =1, ¢ = 0.
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Now, in a tube, we have a combination of acoustic elements,
generally both phase change and absorption. If the tube is closed
at one end (Fig. 2) with a rigid 100 %/, reflecting plate,

N

= w+1ig,

—>

where

N
<

TN —>

g
[a]
(ol

[l

Fig. 2.

The inlet impedance Z; then, according to (1), becomes

1
cos ki + 17 sin ki

u

Z ec .
= T = —icotkl. (6)
¢ —cos ki+isin k!l
ZH
oc

)b

3

Z, . .
If 1 =0, we find —L= oo, which result is obvious. If [ =
oc
Z; = 0, a result which also should be evident, since the tube
now is a closed organ pipe measuring !/, wave-length. The tube thus
represents a pure reaclive acoustic resistance which, if I varies

from 0 to —i—, itself varies from 0 to ©©.

In the same way, the open tube (Fig. 3) can be treated as
an acoustic resistance. If we pri-
marily . suppose that the mouth

T T represents an entirely compliant
wall, we find for —»
Z, Z; ¢cC
oc . oc Z ,
¢ Fig. 3. T ig, where w = 0,
- Tec

¢ = 0, which, inserted in (1), gives

Z; . isink_l
oc cos kil

— itgkl. (7
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' 7. :

For =0 and [ = % become —— = (, which is also quite ob-
oc

vious. In the latler case, the tube is an open organ pipe measuring

i

gc¢

A . I
Y/, wave-length. For [ = =, = oo, whence this acoustic im-

pedance too is purely reactive, varying betwecen 0 and oo.

In eleétric analogy, the tube thus in an acoustical conduit
acts as a pure reactance (Fig. 4), and the electric generator from
the field of electricity may thus be an acoustic generator, for
example a telephone or another sound source sending its sound

E r\D - Z w
T 9¢

Fig. 4. Fig. 5.

energy into the tube. In reality, however, the mouth of an open

tube will not be a perfectly compliant wall, so that we have a

w of a given, though small, value; ¢, consequently, is not either

quite equal to zero. Thus, neither the real nor the imaginary
Z, . .

part of —~ becomes equal to zero, if [ = ”ﬁ and the electric com-
oc 2

parison picture appears as in Fig. 5. If the tube length varies,

w. changes along an iso-absorption cirele in Fig.1, and from (4)

it is seen that the impedance becomes real, if

qocos2kl——%[w§ +qgr—1]sin2kl = 0,

or
24,

9 _ =10
|

(cf. the 2nd equation (5)).

The corresponding values of w (w, and w,), if ¢ =0, thus
become the two values where the iso-absorplion circle intersects
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the w axis. For these values it holds that w,w, = 1. Thus, the
tube as an acoustic impedance is likewise arranged so that,
with varying lengths, both the real and the imaginary parts
change, however, in such a way that the tube has the same
absorption coefficient for all values of I. Hence, w and ¢ change
simultaneously so that '

a = L = const.

- w1+

Therefore it may be used as absorption standard, although the
values of w are different for each tube length.

A presupposition for the correctness of the above statement
is that no other ohmic resistances occur than the radiation resist-
ance. If the tube is so narrow or so long that further dissipation
resistance is found in the form of friction, the relations become
different. This possibility is treated in detail elsewhere®).

2. Other Combinations of Tube Impedances.

If we have a combined system of tubes, as shown in Fig. 6,
it must obviously have certain peculiar properties. It consists
chiefly of a tube which, for theorelic- |
al reasons, we imagine to be divided ¢ ~o-Z.3¢-----23
into two parts, /; and I;, and in whose
joining-plane (A) is placed a side- A
branch which, with the help of a tight- ~

|
v

fitting metal piston, may be given dif- 2
ferentlengths (1,). A sound-wave which
enters from the right will divide into
two parts at 4. That part which enters
the side-branch is enlirely reflected
from the piston and returns to 4 with
a phase difference relative to that .
paséing on through ;. If [; is exactiy Fig. 6.

A
equal fo e the wave reflected from the piston will, when reach-

ing A, be exactly in the phase opposite to that which passes

1) Essay I, p. 8 et ‘seq., and Essay I, p. 13 ef seq.
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along {3, and will thus completely extinguish this wave. In this
case, the impedance of the side-branch will short-circuit the
impedance of I[;. If the piston is pushed up to A4, no effect of
the side-branch is observed. Its impedance is infinitely great and
connected in parallel to the impedance of I;. Other peculiar

relations should be found if either

1 iq, I+ 1; or -+ [; are multiples of half
l wave-lengths. This side-branch prin-

ciple was set up by Quincke?.
n —— i, “The electric equivalent is shown
19z in Fig. 7. R is the radiation at the
R open (left) end of ;. If ¢, is equal
to oo, g; and g, are connected in se-
ries; if g, =0, R and ¢, are short-

Fig. 7.

circuited and the impedance is equal
to ig;. Roughly spoken, this manner of connecting seems thus
to salisly the above stated demands; yet there are some diffi-
culties which will appear from the following calculation of the

impedance.
We find
Z=int “RTiq
(3
_ Rq; L Bt )+ (g4 ) (S9)
R+ (gt q3)” R+ (g2 + q5)° ’

pulting as a simplification

9192 Q193 9295 = (2.
Further, we find
s R¥(q+ g)” + (S¢)*
‘Zl - 2 ) 2 -
RE+(gs + q3)

From (8) it is evident that Z is not far from being real, if
gzt q3 = 0.

Therefore it is worth while examining this case somewhat more
closely. We find

1) G. H. Quincke: Pogg. Ann. 128, 177, 1866.
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Z =T 4 i(gi+ . | (9)

This simplified impedance according to (5) has the absorption
coefficient
2
g4 92 \
R — 4 Rq,
2 2 - R 9\ 2 R2 3 .
<%+ 1> + (g, + q)? (R+93)* + R (q1+ q2)

a —

If R is small, and particularly if ¢, 4 ¢, moreover is small, this
latter expression becomes
4 Rq;
a= ——— 55— (10)
(R+q3)”
Under these presuppositions, i. e. g+ ¢3 == 0 and R small, (9)
represents a pure ohmic acoustic resistance with an absorption

. . . . da
coefficient given in (10). Forming dq, we find
2

da (R+q2)P2q,—q2(R+4g3)-2¢
—— =4R 2 TR 2R 11
dqs (RT g5t an

which, put equal to zero, besides g, = 0 gives

R=q. (12)
If this condition is fulfilled, we find

a=1,

i.e. 1009/, absorption. Now, if g, varies so that g, ¢, still is
equal to zero (g; must thus likewise be changed), a varies in
accordance with (10). Then it depends to some degree on the
rate at which, a varies with g, for according to (9), Z is no longer
purely ohmic if ¢, + ¢, deviates considerably from 0. This
question, however, will be easiest to elucidate on the basis of
experiments, and experiments show that Z within fairly wide
absorption limits may be regarded as purely ohmic. This is
supported if Z in its tube lengths is arranged so that, at 100 %/,

absorption where I,+ I3 = e [ + [; is somewhat greater than i
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A
When g, increases, i.e. [, decreases <however, L+ 1; = Z)

g1+ g5 will pass from a small positive value through 0 to a
small negative value. In this way the range of absorption of the
impedance is increased essentially. How far we may go can be
decided with the aid of experiments.

We can also see theoretically that the imaginary part of Z
is of minor importance. Since, from (9), we find

R
gy = TR (13)
9o
d(tg9
and, if —(i’) is formed, we find
dq,
d{1g-9) 2-l—( +qg,)-2 2¢94+
dg — p- 42 ‘114 93294y = —Rg, ‘Y14 9z )
qs s qs

which, besides ¢, = 0, gives
g, = —24q,. (14)

If ¢, is not chosen too small, this value for g, brings (12) to a fairly
flat minimum of a shape represented in Fig. 8. Experiments also

r
F"QS
-q, —2q, —3gq,
R e+ >
4q, I-4---_X~_/ 4,

prove this to be correct. Evidently, the value (12) gives a maximum
for (10)—which should indeed be obvious—since, if g, increases
from a value smaller than R through R and to a value greater

da .
than R, dq passes from plus through 0 to minus. It appears
2
from (9) that, with decreasing q,, the ohmic resistance (Zz , from

being greater than 1, becomes equal to 1 (viz., for R = ¢2) and
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2

finally assumes values below 1. Since two values of % the

product of which is equal to 1, lead to the same absorption
coefficient, the absorption coefficient as a function of [, must
become a somewhat symmelrical curve with a maximum for
q2 = R. It must commence in the vicinity of zero, if [; is very
small, -and again approximate zero, if I, approximates % It
is also important to note that it is possible to get all resistance
values, both those greater than 1 and those smaller than 1; how-
ever, the greater an absorption coefficient we want to obtain at
the maximum, the shorter is the range over which ¢, varies, if
resistance values smaller than 1 are wanted, since R is a small

2

magnitude, and the resistance is equal to _‘]RL The falling branch

of the absorption coefficient curve as a function of [, therefore be-
comes very steep. If it is unnecessary to obtain as much as 1009/,
absorption, the falling branch may be made less steep, the adjust-
ment thus becoming less critical. These relations are also sub-
stantiated by the measurements.

The impedance determined by (9) we may call the central
point impedance of the combined tube-system.

If we look for inlet and outlet impedances in the two tubes
I, and [I,, respectively, .the former is identical with the inlet im-
pedance in an open tube of length /;. The inlet impedance is thus
determined by the tube which is situated to the left of the central
poinlt impedance, the outlet impedance by the tube which is
situated to the right of the central point impedance (Fig. 9). The
impedance at a given value of the absorption coefficient varies
as a function of the tube lengths [, and [; along the absorption

2

circle determined by %— and the w and ¢ values of the inlet
impedance are found by intersection of this absorption circle
with the line ¢ = tg kl;; in the same way the w and ¢ values
of the outlet impedance are found as the. intersection of the
ahsorption circle with the line ¢ = tg kl;. The ¢ values of the
inlet and the outlet impedances naturally become ¢, and gq;. The
shorter the tube lengths [; and /;, the more the two impedances
approximate one another and, at the same time, the central point
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impedance. If {; = I, the inlet and the outlet impedances are
equal. However, not before both are equal to zero does the im-
pedance become reactance-free and thus purely ohmic. This is
not quite realizable in practice, but if the pipes [; and [; are

€¢----- 3 ——mmm- >
outlet impedance inlet impedance
Fig. 9.

shortV, it can approximately be realized, the approximation being
best at low frequencies.

We can also get an idea of the highest absorption coefficient
to be obtained with given tube lengths. Suppose, for ex-
ample, that the longest side-branch has the length [, i. e. the
g value

ga = tg kL.

If this straight line, which runs parallel with the w axis, is brought
to intersect the absorption circle system whose equation with
the absorption coefficient a¢ as parameter may be written

2._._
w2+q2—2wTa+l — 9,

9 2 a2 .
w = a:t‘/( a>~1—qi.
a a

Real intersection thus is conditioned by

we find

2—qa\? .
<—- - > 14220

1) Here as well as elsewhere “short tube lengths’ means short in proportion
to the wave-lengths or, in other words, kl is a small angle.
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or by
2

EENEr

2
IA

Accordingly, the sign of equation leads to the highest a-value
which the impedance can attain at a given tube length and
which thus corresponds to the line g, = tg k! just touching the
absorption circle.

3. The Influence of Dissipation Damping.

Since it is impossible to keep all the tube lengths short, it
is necessary to examine what damping due to friction in the
tubes means. This examination claims a picture of comparison

S
@_ LL |

R, R,

Fig. 10.

as shown in Fig. 10. For the impedance of this system we
find
. (Ry+ig,) (Ry +iqy)
Z =R +ig + e
T Ry Rt i(ga gy
Ry Ry — (Eﬂ) + By (Ry+ Ry) +i[(Ry + Ry) q, + Ryqo+ Ry g3 + Ry (g5 + q3)]
Ry+ Ry +i(q2+ q3)

and, after multiplication of the numerator and the denominator
with

Ry+ Ry—1(qz-F q4)
and some reduction
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Z = 1w+ iq,
where
szzRa (Ry+ Ry) + Ry g3 + Ryq5 + Ry (Ry + Ry)*
: (R, + R3)2 + (g5 + %)2

_ (Ry+ R)*q, + Ry g5+ Ri g5+ (951 49) (3@ — Ry (Ry+ Ry) (21 @)
9 (Ry+ Ry)* + (g2 + ¢5)° ’

(15)

In case q;+ g3 = 0, Z assumes the form

BBy +ag ( By — Ry >
. R2+R3 +R1+l Q1+ R2+ R qs (16)

and the absorption coefficient in the first approximalion becomes

Z:

_ 41R,R, + g3 (By + R+ Ry (R R -
(Ry Ry - g%+ Ry (Ry+ Ry) — Ry + Ry)® )

Just as in the simpler case, where R, and R, were assumed to
be equal to zero, we shall find the maximum for a, when «a is
regarded as a function of q,. Thereby we find
ﬂzl}- (R2R3+5]%+R1(I{2+Bs)+R2+R3)2(12
dq, . N?
[RyRs+ g3+ Ry (Ry+ R)1- 2[RyRs+ g5 + Ry (Ry + Ry)+ Ro - Ry[-2g5(Rs + R
N2

— 4.

which, put equal to zero, besides g, = 0 gives
q2 = Ry+Ry—RiRy—RoRy—RiRy = Ry+Ry—(2R);  (18)
for the sake of simplicity, we put
RiRy+ RyR3+ Ry Ry = (2R),
i. e. an expression corresponding to (12). If (18) is inserted in
(17), we also find a = 1, just as before.
R;and R, being small, (ZR) is a small magnitude in proportion

to R, and R,, whence (17) in good approximation reaches a
maximum for

g3 = Ryt Ry.
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In other words this means that, in (16), R;R; and R; may be
disregarded so that (16) assumes the following form:

2
— 43 . Ry—R, >
Z R2+R3+1(QI+R2+R3 %) (19)

4, Experimental Results.

In order to test the correctness of the formulae developed
in the preceding sections, the writer has performed a series of
experiments with an impedance of the form shown in Fig. 6.
The impedance was made from brass tubes with a lumen mea-
suring 6 mm. in diameter. The tube length [; was 2.9 cm., the
shortest tube length I, being 1.1 cm. The latter could be lengthened
with additional tubes of known lengths. The length of [, was
varied with a piston which, in order to ensure tightness, was
supplied with a piston ring consisting of a piano string. The
impedance was connected to a calibraled Schuster bridge. Ab-
sorption and phase of the inlet impedance were measured for
altogether 14 different lengths of I;, absorption and phase for
each value of I; were determined as a function of I,. The frequency
applied was 768 Hz, 4 = 44.3 cm. For the determination of
every single absorption and phase curve, measurements were
performed for about 30 different values of [,, particularly close
around the maximum. Fig.11 represents an example of the results
obtained in a series of measurements of an absorption curve,
and Fig.12 shows a similar measurement for the corresponding
phase curve. The accuracy is extraordinarily satisfactory, c.1/, %/,
for the absorption coefficients, and a few degrees for the cor-
responding phases. :

Total results for the maximum = absorption coefficients
and the corresponding phases are recorded in Table'1; the head
lines of the columns are supplied with easily comprehensible
symbols referring to those used above. The calculations of a and
@ are based upon the formulae (5). Finally, the calculations are
illustrated by Figs.13 and 14.

Fig.13 is very instructive, showing that, for l; = 1.4 em.,
l; = 9.35 cm., with approximation R, = g} so that we here have

D.Kgl. Danske Vidensk, Selskab, Mat.-fys. Medd. XXIII, G. 2
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nearly 100 °/; absorption. At greater [, values the maximum
absorption curve declines again.

Regarding Fig.14 the following reflections may be appro-
priate. & is calculated from the expression

2q;
R\? )
<?> —1+gq;

2

gy =

R
For low wvalues of [,, ?is small, whereas ¢; is fairly great.
2 .
2*
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Table 1.
2 R alo | a’ 90 90
L Iy qs g I —.- | Calecu-| Ob- | Caleu-| Ob-
q2° lated | served | lated | served

5.5 68 |1.00 | 069 791 | 0127 | 305 40.5 lca~90| —90
4.5 74 10740 | 0575 | 541 | 0.184 | 520 527 | —743| —80
3.5 78 [ 0542 1 0505 | 4.16 | 0.240 | 61.7 615 | —59.1| —60
2.9 815 | 0440 | 0.445 | 322 | 0.310 | 72.0 73.0 | —51.0| =53
2.5 85 10375 | 0.384 | 241 | 0415 | 820 835 | —475| —53
2.0 8.85 | 0.300 | 0327 | 1.74 | 0575 | 925 | 945 | —412! —40
1.8 9.0 | 0265 | 0.300 | 147 | 0.680 | 96.0 96.0 | —440 —35
1.7 91 | 0250 | 0.290 | 1.36 | 0.736 | 974 975 | —50.0f —55
1.6 9.2 10235 | 0275 | 1.23 | 0815 | 985 98.0 | —58.0| —60
1.5 9.3 10220 | 0260 | 1.10 | 0.91 98.5 985 | —766| —

1.4 9.35 | 0.200 | 0250 | 1.03 | 097 99.5 99.0 |ca.-90
1.3 9.45 | 0.190 | 0235 | 0.90 | 1.11 98.8 99.0 +

1.2 95 | 0175 ] 0230 | 085 | 1.18 98.0 97.5 +

1.1 9.65 | 0.160 | 0.205 | 0.69 | 145 95.5 97.0 +

o4+

I 2
Hence, a value must be found for [,, where q; + <?) =1, and
2

the denominator thereforeis equal to 0, tg @ = —o0, # = —90°.
This point was fortuitously found for I, = 5.5 cm., [, = 6.8 cm.

. 9 . .
If 1, increases, q3 decreases, while —5- increases slowly.
2

2
q%+<H> <1,

—a
)
qs

Here we have

whence ¢ becomes negative. For a given value of [,, we now

. . R
find on account of the increase in —5

G2

2 R\

o4 -

P\
and ¢ again becomes — 90°. This holds for [, = 1.5 cm.,
{; = 9.3 cm. Hence, in the interval @ must have had a (numerical)
minimum, viz., for I; = 2.0 cm., I, = 8.8 cm. At still higher
values for I,, tg & becomes positive, viz., if

R 2
qg+<ﬁ"> > 1.
qs
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This is indicated by the dotted branch of the phase curve in the
lower part of Fig. 14. The curve presents, however, a very sharp
bend, and the accuracy is but small. Actually the experiments
only show that the phase becomes positive. Thus a discontinuity
in the phase curve occurs. A closer examination of (his relation,
which could only be found within the very greatest absorption
range between 99 to 100 ¢/, is in progress.

It is clear from the preceding account that it will be possible
to produce an impedance which can be brought to assume all
possible values of absorption and phase. It is a characteristic
feature of this impedance that its damping is a pure radiation
damping. This means that we might be able to measure the
exact effect, emitted from a telephone, on the human ear.
If this impedance is known, and measured for example by
means of a Schuster bridge, the variable impedance is adjusted
to the value and placed before the telephone. Then the radiation
of this lelephone through the impedance is equal to the effect
produced on the ear. A solution of this problem was suggested
before?, and the program of an investigation was briefly as
follows.

(1) The radiation curve of a telephone is measured for a series
of frequencies.

(2) The impedance of the ear for the same frequencies is mea-
sured with a Schuster bridge.

(3) The variable impedance is adjusted for each frequency as
equal to the impedance of the ear.

(4) The impedance is placed before the lelephone and, subse-
quently, the radiation is re-measured.

If the distance between lelephone and measuring apparatus
(condenser microphone) in case 1 and case 4 is the same, in-
formation is obtained as to how great a {raction of the effect,
which the telephone is able to emit, is absorbed by the ear. Such
an impedance will be much easier to handle than the previously
suggested one, and it will morcover be possible to make it cover
a far greater range. It must, of course, be adjusted to different
standard frequencies, and therefore we possibly may be com-
pelled to make a compromise between the lowest {requency to

1) Essay I, p. 18.
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be used and the greatest geomelric range of the impedance to
be allowed.

Fig.15 was plotted on the basis of all measurements per-
formed. On a series of curves representing the phase as a funetion
of I, for different values of [; iso-absorption curves for 10, 20,
30, ..., 90 9/, of abf“sorption are inserted. From these multi-
tudes of curves we may infer, possibly by interpolation, which
values I, and [; must obtain in order to yield a given absorption
coefficient and a given phase angle. If we want, for example,
a =250y & = 60°, we evidently need (about) I, = 5.2 ¢cm. and
{3 = 3.3 ¢cm. In the impedance to be constructed both I, and [,
musl be continuously variable. Such an impedance has already
been produced, and it has proved to comply with our expectations.
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As soon as some still unexplained, however less important details
are elucidated, an examination of patients is planned.

Summary.

With the aid of a system of acoustic tube impedances a
variable acoustic impedance which covers a rather large range
of absorption coefficients and phase changes could be constructed
and partly calculated. In order to support the theory, numerous
measurements of the values of the inlet impedance of the variable
impedances were performed. Particularly good agreement with
the theoretical expectance was obtained and it also appears from
the measuremenls that the accuracy is significant. The calculations
were performed for tubes both with and without dissipation. It
is intended to apply the impedance, inter alia, to an objective
determination of the effect emitted from a telephone on the
human ear.

The present work was performed at the Biophysical Labo-
ratory of the University of Copenhagen. To its head, professor
Dr. H. M. HanseN, the author wishes to express his gratitude for
the good working conditions put at his disposal.

Indleveret til Selskabet den 2. Juni 1945,
Frrdig fra Trykkeriet den 22. September 1945.
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As ‘to the nature of these hard showers it is. experiment-
ally found that the showers observed on Wilson photographs
consist mainly -of mesons tlogether with a few protons. The
same is probably true for the hard showers measured by JAnossy
and IncreEsy, whereas the photographi stars are known to
consist of protons and neulrons (together perhaps with a few
mesons). The single prolons and neulrons also found in cosmic .
‘ radiation (cl. p. ) can probably be fully accounted for as result-
ing from the explosions observed as the stars.* We must thus
at present conclude that

there are two different types of non-cascade showers, the explosion
showers and lh(’ evaporation showers.

The explosmn showers consist of mesons produced by mulliple
processes in which presumably a primary, very energetic photon
is absorbed. The protons which may accompany these processes
arise from a transfer of a certain part of the energy to the nuclei
at which the mesons are produced, thus giving riyse to a more
or less local heating up and a subsequent evaporalion of
nucleons. The energies of boilh the incidént pariicle and the
mesons produced as a rule being relativistic in these proces-
ses, we must expect the angular dispersion to be rather small,
but we are unable to judge whether this agrees with experi-
"ments or mot. In the evaporation showers the processes are
presumably the same, except that the primary photons are less
energetic than in the explosion showers so ihat the binding of
the nucleons plays a more dominant réle. Conseqnently, most
of the energy is transferred to the nucleus in the form of grealer
heating up. As a result, most of the par ticles emliied are pro-
tons and neutrons and only a few particles are mesons. Both the
primary particle and the evaporation particies produced having
non-relativistic energies, we must in ihis case .expect a more
uniform distribution in space of the parlicles emilted, as is ]ust-
found experimentally in the BLAU-WAMBACHER stars.

So far as we can judge, only Wilson chamber nhologlaphs
have been found showing ihe direct crefitlon of mesons or
protons from primary photons, but rot from prlmaiy imesons,
protons, or electrons. Theoretically, the evavorahon showers

1 (f the discussion in Humsexserc (1943) p. 12417,
. Kgl. Danske Vidensk. Selskab, Mat.-fys. Medd. XXIIL 7. ]
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may also be produced by primary prolons and. neutrons by
‘nuclear ionization’, in which the incident particle gives off
part of its energy by inelastic collisions, thereby heating up
the nucleus, which then evaporates. This process, however, doers”
not seem fo have heen directly observed. Also such showers
may theoretically be produced by the absorption of slow nega-
live mesons? (the slow positive mesons being repulsed by the
Coulomb forces); for this process will take place long bcfore
the radioactive decay. Although this effect seems indireclly
verified by the fact that at sea level more positive mesons are
found than negative mesons, and next by the experiment of
RaserTi® whe finds that roughly only half of all mesons decay
radioactively, the rest heing absorbed without decay, no direct
evidence sééms to have been found, i.e. a Wilson photograph
showing a slow meson heing absorbed under the emission of
several protons.

Finally, the extended showers found by Avucer and col-
laborators* should be mentioned. They measured coincidences
between G-M-counters placed up to several 100 melers apart.
It has been discussed whether these Aucer showers consist of
elecirons or of mesons. From absorption measurements AuGrr
and KornomrsTEr assumed them to consist mainly of elec-
trons together with a few mesons, because the number of co-
incidences was only reduced to about 25°/, behind 15 cmn Ph. At
any rate, from Wilson chamber photographs it follows that most
of the particles are very energetic electrons.’ Assuming the AUGER
showers to be cascade showers formed at the top of the at-
mosphere and reaching their maximum at about sea level, it
follows that such cascades are nol absorbed even in 15 cm Pb.
~As shown by Monikrg,® the cascade theory can actunally ac-
" count for all the particles being electrons. Such showers re-
presenting at sea level epergies up to 10™ e.v., they must have
been produced by primary particles of energies even up to
10'% e.v.

P Huisexsrre (1937).

2 Tomonacs and Araxr (1940). )

3 Raserrs (1941). :
¢ Avcenr and col. (1938), KoLudnster and col. (1938).
5 Jinossy and Lovert (1938), Avcer and col. (1939).
8 Husuasera (1943) p. 3511
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Part 2. The various possible hypotheses regarding
. the primary component.

Having reviewed the main experimental. facts of import-
ance for our (undamental problems, (b) and (¢) p.3, we now
turn to the next question: by what hypotheses regarding the
primary component can we correlate and explain this vast ex-
perimental material? We have the following pmmbxlltles re-
garding the primary constituents:

photens, elecirons, neulrons, prolons, mesons, and neuirinos,

together with combinations of all these particles.

First of all we can exclude the neutrons and the charged
mesons, as these particles are unstable with mean lifetimes of
the order of magnitude one hour and 10—° sec, respectively. The
latter- result is deduced experimentally, the former theoreticaily,
but without being verified experimentally. This verification is
~ presumably also impossible because the neutrons are slowed
down and absorbed by the various nuclei even in the almo-
sphere long before they would have time to decay.! Further-
more, we shall at once exclude the hypothelical neutrinos from
our considerations, as their existence has not yet been directly
demonsirated (cf. however the remark on p.4).

From the geomagnetic effects it follows that at any rate a
certain fraction of the primary particles are charged particles.
(We note that these effects obviously operate ouilside the atmo-

sphere, the thickneéss of which is only of the order of magnitude

110— TIOH of the radius of the earth). From the very high values,

viz. 70-80°%/,, for the latitude effect of the total radiation at
~great altitudes, i.e. practically the soft component, it follows that
most of the primary particles of the soft component must he
charged particles. MiLLIKAN and col.? estimate that

the energy brought into the almosphere by non-charged parlic?es can
at most amount lo 20°/, of that brought by charged particles.

To obtain as simple a description as possible we shall, there-
fore, also exclude photons and neulral mesons as primary
parlicles of the soft component. Of course, Nalure need not at

! HEtsENBERG (1943) p. 141,
* Bowen, MiLLIKaN and NEHER (1938).

2*
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all be simple, and in fact cosmic rays have proved to be far
more complicated than anybody has al first imagined. Never-
theless it is generally agreed that to begin with we should try
the simplest hypotheses before having recourse to the more
complicated ones.

For the hard component the latitude effect as a function of al-
titude, as mentioned above p.8, has not yet been fully investigated.
Thus, we cannol at present exclude the possibility that a more
considerable fraction of the hard component is due {o non-
ionizing primary particles than the soft one. We shall, how-
ever, also here, for the sake of simplicity, assume that /(he
whole of the hard component is due to primary charged particles.
Consequently in bolh cases only electrons alone, protons alone,
or a combination of these particles remain.

(I} .The electron hypothesis.
According to this hypothesis! the soft component mainly con-
sists of cascade showers from the primary electrons, the integral
energy spectrum of which must be assumed to be of the form

F(E) = const E*  for E»1-2x10%.v., (4)

in which we must insert y ~ 1-8 in order to fit the experiments.!
Next, the hard component is assumed to consist of secondary me-
sons produced by the photons of the soft component. Hence the
intensity of the hard component must pass-through a maximum
and approach zero at the top of the atmosphere. As regards
the proportion between positons and negatons, Jouxson® has
concluded from the very small east-west asymmetry of the soft
component at sea level and at 4300 m altitude that there must
_be practically the same number of positons and negatons (cf.
p.10). This conclusion does not, however, follow unambiguously
from the experiments mentioned. From the cascade theory it fol-
lows, [irstly, that at sea level a soft component produced as
cascade showers from either photons, positons, or negatons can
show a- latitude effect of at most a few per cent and the

! This hypothesis forms the basis of the surveys of EvLer and Hgisex-
sere (1938), Herrner (1938), and Arrey (1940).
2 Jonxsox (1935a). ’
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same, therefore, applies to the east-west asymmetry.® At 4300 m
altitude, HEITLER' estimates the latitude effect at 17°/,. The
corresponding'east-west asymmetry has not been worked out, .
but as a zenith angle r at this altitude increases the layer

. 17
of air traversed by the shower from I = 17 to | = cosz 20

and 24 (! measured in shower units) for z = 30° and z = 45°,
respectively, the primary energies necessary to peneirate this
distance will certainly be such as to reduce the east-west
asymmetry to at most a few per cent. (cf. the discussion on
p. 12). Consequently, we can draw no conclusions as to the sign of
the primaries of the soft component from iis easi-west asymmetry
in the lower part of the atmosphere.

From the east-west asymmetry of the hard component it
follows, on the other hand, due to its small absorption (the
mesons only losing about 2x10%e. v..during their passage through
the whole atmosphere) that its primaries must consist of more
positive than negative particles. If ScHrix’s experiment men-
tioned - above (® p.10) turns out to be rehable we must even
conclude that

all the primary pallu:lcq of the hard component are posifively
charged,

as first concluded by Jounson.?

Thus we must assnme either that the primary radiation
mainly consists of positons, or that the mesons can only he
produced by  the primary positons, but not by the primary
negatons. The latter possibility must be rejected at once, because
the showers produced by primary elecirons of ‘either sign are
after some distance practically identical in the number of pho-
tons, positons, and negatons, respectively, and it is impossible
to imagine processes by which the mesons of the hard com-
ponent should be produced only by the primary, but not by
the secondary electrons. Furthermore, we must at present as-
“sume that the mesons are produced only by the photons and
not directly by the electrons of the soft component.

We are thus forced lo assume the primary electrons lo be

- V' HEITLER (1937}, Amu and Erigsex (1940).
? JouNsox (1938) (1939 a), (1939¢). Cf. also ALFvex (1939b).
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mainly positive. But this' conclusion involves some difficulties.
Firstly, both the saft, the hard and thus the total radiation
"should in this case show a very large positive east-west asymmetry
at great altitudes in contrast to the above discussed experiment
of Jounsox and Barry (! p.10) finding only a ~ + 7%, for the
total radiation against an expected value ~ + 60°/, ‘on the hypo-
- thesis that the primary radiation cousisis only of positive par-
ticles. We think this experiment is already a crucial one, which alone
is enough lo reject the electron hypothesis. It has, however, been
objected to this conclusion that the negative result of the experi-
ment may also be explained by assuming that the direction of
the primary particles is not conserved, but is quite blurred by
the processes producing the secondary paiticles.! Against this
argument it must first of all be pointed out that it seems dif-
ficult to understand why this effect should be more pronounced
in the upper than in the lower atmosphere or at sea level, where
the total radiation shows a considerable east-west asymmetry.
If the particles are cascade electrons, most of them will have
energies about or rather above the critical energy of air, viz.
15X 10% e.v., which. is much higher than the rest energy of the
electrons, and both from the cascade theory of showers and
directly from Wilson chamber photographs it then follows that
the angular dispersion is very sntall. Next, by whatever pro-
cesses particles are created from primary particles of rela-
tivistic energies, it follows simply from the Lorentz trans-
formation from the center of gravity cdordinate system to that
in which the process is observed, that all the particles
emitted have very neally the same dxrectlon as the prxmal‘y
particle.?

We cannot either agree with the concinsion drawn by Jounson?
from the experiment of Jonwnsox and Barry just discussed, that
the primary particles of the soft component are equally positively
and negatively charged. We must remember that at the altitude
at which this experiment is "carried out, viz. 3 cm Hg, the
total radiation consists of about 57%/, mesons and only 439/,
electrons (as judged from the curves of ProrzER and of ScHEIN,

! HeisexBeRG (1943) p
? Cf. alse Jomxnsox (1939 a), {1939 b), who reaches the same conclusion from
other arguments.



Nr.7 . . . 93

Jessk and Wourrnax!); together with ScHEIN’s result mentioned
above (® p. 10) that the east-west asymmetry of the hard compo-
nent is very considerable, we can thus only conclude from
Jounson and Barry’s experiment showling a very small east-
west asymmetry of the total radiation at great altitude, that
the soft component shows a negative east-west asymuneiry al great
altitude. This resull should, of course, be verified directly.

A second difficulty in assuming the primary radialion to
consist of considerably more positive than negalive particles is
that it becomes difficult to understand the propagation of the
radiation in interstellar space. As pointed out by Swans,? any
difference in the space charge of positive and negative particles
of any kind would give rise to potential differences quite irre-
concilable with the further passage of charged particles through
space. (Furthermore ALrvEn® has pointed out that such a dif-
ference would also give rise to large magnetic fields. The effect
of these fields seems, however, only to be that they make the
radiation isofropic). Consequently, it is necessary that in distances
far away from the sources of the radiation it must consist of the
same number of positive and negative parlicles.

Thirdly, the ScHEIN-JESSE-WorLLaN experiment (% p. 12) is
probably the most crucial experiment which makes the electron
hypothesis irreconcilable with experimental facls, quite apart
from what detailed picture we may accept of the genesis of the
various components. If this experiment is reliable (in spite of
the minor objections which, as we have pointed out, may be
raised against it (p.13)), it means partly that the hard compo-
nent does not pass through any maximum but increases steadily,
partly that the primary radiation can at most contain a few
per cent electrons, both facts strongly disagreeing with the elec-
tron hypothesis.

(1) The proton hypothesis.
According to this hypotbesis both the soft and the hard compo--
nent are secondary radiations produced by protons having the
same integral energy spectrum (4) as the electrons had previously.

! Fig. 1 in Scurin, Jesse and Worran (1941), reproduced as fig. 2 in
HesexBerc (1943) p. 41.

2 §wann (1933). Cf also Jonwnsox (1939a).

2 Arrven (1938), (1939a).
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The intensity of the soft component must, therefore, approach
zero at the top of the atmosphere, whereas the hard component
must increase steadily since very energetic pr(_)toué also behave
like penetrating particles. As just discussed ‘it is, however, on
this hypothesis quite impossible to understand the small east-
west asymmetry of the total radiation at great altitude. Next,
as also just discussed, it makes the propagation of the radiation
in interstellar space impossible. Finally, it makes it guite im-
possible to anderstand the latitude effect of the soft component
amounting to 70-80%/, at gréat allitude; for the electrons could
only be produced by processes in which they obtain only a
fraction of the primary energy. This primary energy must, there-
fore, be much higher than if the primary particles were elec-
trons. But when the main contribution to. the intensity of the
soft component comes from the higher part of the energy
spectrum (4), the variation of the minimum energy wilh geo-
magnetic latitude will be of little importance. Consequently, the
latitude effect becomes much smaller, at most a few per cent,
as also emphasized by Hrisensere.! That the secondary elec-
trons can in fact obtain only a fraction of the primary energy is
clearly seen by considering those processes by which protons
could produce soflt showers: by knock-on electrons, by brems-
strahlung and through intermediate mesons. In the latter case,
it might be suggested thal the soft component in the upper
atmosphere is mainly due to the radioactive decay of the very
short-living vector-mesons with spin 1, the hard component
consisling of the longer living pseudoscalar mesons with spin 0
(cf. p. 15). Now it follows both theoretically® and experimen-
tally® that the mesons are mainly produced in multiple pro-
cesses, each meson lthus obtaining on the average only a frac-
tion of the primary energy. Furthermore, on an average half
the energy of each meson is carried away by the neutrinos. As
a resalt most of the shower intensily would be produced by
primary protons with energies beyond the field sensitive region,
viz. about 2-15x10°ev,, and the soft component could show
practically no latitude effect even at very high altitudes. '

! Heisexsera (1943) p. 5. .
* Cf e g Heisexserc (1943), Swanx (1941), and. others.
3 Cf. e.g. Scurrx, Jessg and Worray (1941Db).
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The. proton hypothesis must, consequently, also be regarded
as irreconcilable with the experimental facts.

(I11) The combined eleciron-proton hypothesis.

According to this hypothesis? the soft component in the upper
atmosphere is produced as cascade showers from primary elec-
trons, whereas the hard component is mainly produced from
primary protons. From the above discussion of the very small
easl-west asymmetry of the total radiation together wilh S_WANN’S
neutrality argument regarding the number of positive and ne-
gative particles in the radiation in intersteilar space, it follows
that the primary elecfron component must consist practically
of only negatons in a number equivalent to that of the protons.
The only crucial experiment which forces us to reject- this in
all other respects excellent hypothesis is thus the experiment of
ScHeEwN, JEssE and WorLraw (®p.12), which shows that there
can only be at most a few per cent electrons present at the top
of the atmosphere.

Summarizing our discussion, we must thus conclude that
the total present experimenial evidence is irreconcilable with any
of the hypotheses theoretically possible using the particles known
at present. For this negative result the crucial experiments are
those of JonNso~n and Barry (! p. 10), Scurin, JEssE and WoLLAN
(?p.12), and the lalitude effect of the soft component at great
altitude. Also the neutrality argument of Swan~ (3 p.23), necessary
for the propagation of a charged radiation in interstellar space,
leads to the same conclusion. We may thus say that

there is al present indirect experimental evidence for the existence
of a new and hitherto unknown particle in the primary cosmic
radiation,

and we think that the most plausible hypothesis which may
be set up as lo the nature of this new particle is to assume it to
be a negalive proton, f

! This hypothesis has been favoured by Jounsow (1938), (1939a). .
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Part 3. The hypothesis of the existence of negative protons'
in the primary cosmic radiation.

As mentioned in the introduction, this hypothesis has been
put forward by the author from the arguments discussed above,
and by Krev from arguments regarding the origin of cosmie
rays.' In this part, the consequences of this hypothesis, and in
the last part KLEIN's theory will be discussed.

We assume on this hypothesis that

the primary cosmic radiation consists of positive and negative
protons with the infegral enerqy spectrum given in (4), p. 20,

previously assumed to belong to electrons. From Swann’s neu-
trality argument we assume that

the numbers of posilive and negative protons are practica?ly equal.

Next, we assume that most negative protons will be absorbed
by the positive protons at the top of .the atmosphere or in the
very upper part of it, their total kinetic plus rest energy thereby
being transformed into 2 annibilation photons which, due to
the conservation of energy and momentum, oblain the same,
energy and equal, but opposite momenta, uniformly distributed
in space in the center of gravity coordinate system. (A one-quan-
tum annihilation process is impossible for free protons, and less’
probable for bhound protons than the two-quantum - process).
Due to the Lorentz transformation they will then, as discussed
above on p.22, in the coordinate system in which we observe the
process, have practically the same direction as the incident
negative proton and energies practically uniformly distributed
up to 2Mc®+ kinetic energy of the negative proton. These pho-
tons then immediately give birth to cascade showers which at
higher altitudes constitute most of the soft component. The md%t
energelic of these showers constitute the large AuGeERr showers,
which extend even down to sea level, iogether wilh some of
the large bursts. Some of the photons may also be ahsorbed
under the emission of mesons, especially more slow mesons.?

U ArcEy (1944), KrLeix (1945).

* This last process seems, however, to occur very seldom as compared with
the absorption of photons leading to pair production. This is shown by the
fact that the cascade theoretical Rossi curves fit the experimental curves of
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These slow mesons may then be absorbed, if they are negatively
charged (cf. p. 18), giving rise to n@clearwvaporation processes -
in the form of BLau-WAMBACHER stars, most of which, however,
arz probably produced directly by the absorption of photons.

- As the kinetic energy of the incident negative proton is large
as compared with the binding energy of the positive protons and
-the neutrons in the. nuclei they Jmeet in the atmosphere, we
" may neglect this binding and regard the nucleons as being free.
By these annihilation processes we therefore assume that no
or little heating up of the rest of the nuclei takes place, and
therefore presumably few evaporation nucleons will be emitted.
The single protons and neutrons found expefimentally we assume
to be the result of the stars (cf. the discussion on p. 17).

It may also be possible that some of the negative protons are
annihilated in other processes by which mesons are created. In
such cases, it is most probable from current theoretical ideas
(cf. p. 24) that these processes are multiple, whereby several
mesons are created in one elementary act. In order not to
complicate the theory more than necessarily, and also because
of the above discussion of the latitude effect of electrons pro-
duced from the mesons of these processes (p. 24), we shall, how-
ever, tentatively assume that only the photon annihilation is of
importance. ;

Although most negative protons should on our hypothesis be
annihilated in the upper part of the atmosphere, some of them
might -of course happen to penetrate to the lower parts of the
atmosphere. It is, therefore, possible to obtain direct experimental
evidence on our hypothesis by looking for negative protons.on Wilson
chamber photographs from high altitudes such as mountains or
airplanes.

As for the positive protons of the primary radiation we set up
the same hypothesis as e. g. Jounson in the previous proton or
electron-proton hypothesis, viz. that-in the upper atmosphere
they are momentarily or gradually transformed into mesons
(which are presumably only psendoscalar mesons, as discussed
Ross! and_J&l\'ossY (1939), TRUMP.Y (1943), NEreson (1942), and others, even up
to the highest thicknesses of absorbers employed in these experiments (cf. the
theoretical -caleulation and the comparison with these experiments in ARLEY

(1943) chap. 6). On the other hand, the experiments of ScueIN and col. (* and
3 p. 14) seem to show that such processes do occur in the atmosphere.



28 Nr.

~l

below p.29). It may also, of course, be possible that very
energetic protons emit bremsstrahlung and knock-on electrons,
thereby producing cascade showers which form part of the
soft component, but these effeets may presumably he entirely
neglected. On the other hand, the hard component produces a
considerable soft secondary radiation by the radioactive decay
electrons of the mesons, and by the knock-on electrons and
bremsstrahlung also produced by the mesons, giving at once
rise to cascade showers denoted as decay and interaction showers,
respectively. These showers presumably form most of the soft
component found at sea level.

We shall now discuss the consequences of our hypothesis
and the above mentioned assumptions and compare lhem with
the experimental evidence given in part 1.

First, by its very construction. our hypothesis is seen to agree
wilh Swany's neutrality argument. Secondly, the soft component
is seen to pass through a maximum, approaching zero at the
top of the atmosphere as was found experimentally by ProTzer
and by Scuen, Jusse and Worran (* and 2 p.12). Thirdly, the fotal
energy of the hegative protons is transferred ‘to the soft com-
‘ponent produced, and next nearly the same fraction of the nega-
tive protons as of the electrons, previously assumed to be the
particles having the energy spectrum (4) p. 20, have now ener-
gies in the field-sensitive region, viz. about 2-15x10" e.v. for
electrons; for this energy region is practically the same also
for high speed protons (although somewhat lower).! Con-
sequently, our hypothesis also leads to the same high values
of the latitude effect of the soft component at great altitude as
did the electron hypothesis, and as is found experimentally.
That part of this soft component which reaches sea-level would,
however, just as was the case in the electron hypothesis, now
be produced mostly by protons in the non-field-sensitive region
and would, consequently, show a latitude effect and an east-
west asymmetry (although negative) of at most a few per
cent at sea level. Both these effects would, on the other hand,
increase very much with increasing altitude. On our llypotlleSiéﬁ
the " soft component should thus at high altitude, where the

! Cf. e. g JIoaxsox (1938) table I p- 219, also quoted in HEISENBERG (1943)
table 1 p. 152.
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ledge of the latitude and the east-west effects of the hard
and the soft components separafely, and the dependence of these
éffects on altitude, latitude and zenilth angle, together with the
“transition from ScrEIN, JESSE and WoLLan’s curve to that of
Prorzer. Only such new experiments can decide whether the
purely tentative hypotheses, on the existence of negative pro-
tons as well as on the cosmic radiation being produced by
annihilation processes, contain part of the truth or perhaps
even the whole truth of the genesis of cosmic rays.

Institute of Theoretical Physics,
University of Copenhagen.
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promising, since it is a conspicuous fact that the energies of the
primary cosmic radiation lie essentially within the region of the
annihilation energies of the lighter nuclei known to exist in inter-
stellar space (* p.36). Whether all the primary cosmic radiation
can be explained .in this way or we have to explain some part
of it by other processes it is premature to decide at the moment.

Summary.

In this paper we discuss the three main problems of pre-
sent cosmic ray physics, the origin of the radiation, the com-
position of the primary component, and the genesis of the
various components observed in the atmosphere, at sea level
~and at great depths. In part 1 Wwe review all the experimen-
tal data bearing upon these problems. In part 2 we discuss
the three possible hypotheses regarding the primary radiation
which involve only particles known at present: (I) the electron
hypothesis, (II) the proton hypothesis, and (III} the combined
electron-proton hypothesis. It proves that the present total experi-
mental evidence cannot be reconciled with any of these hypothe-
ses. For this negative result the crucial arguments are the experi-
ments of JounsoN and BaRry, of ScHEIN, JEsSE and WoLLAN, the
latitude effect of the soft component at great altitude and, finally,
the neutrality argument of Swann, which is necessary for tle
propagalion of a charged radiation in interstellar space. There
is thus indirect evidence of the existence of a new hitherto
unknown particle in the. primary cosmic radiation. In part 3 we
discuss the hypothesis, put forward by the author and by
Krgix, that these new particles are negative protons, It is shown
that the results of this hypothesis, together with plausible as-
sumptions regarding the genesis of the soft and the hard com-
ponents, seem to fit extremely well with all the experimental
data. Finally, we discuss in part 4 a related hypothesis of
KLeiN, that cosmic rays are produced by the annihifiation of -
ordinary and reversed malter cousisting of negative protons,
antineutrons and positons.

In the discussion it is emphasized that the presenl experimental
material is still rather incomplefe. Especially we need more know-
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~according to KLEIN's hypothesis must be electrons (perhaps
photons). Roughly one would expect the fraction originating
from the collisions between like nuclei- te be of the order of
magnitude 10°/,, because the most frequent collision léading
to electrons is the He-He process,* the relative frequency of which
is of the order of magnitude 10x10 =100, which is just 10°/, of
the relative frequency of the most frequent collision leading to nuc-
leons, viz. the H-He process, the relative frequency of which is P
of the order of magnitude 10010 = 1000. Hereto must, certainly,

be added those electrons originating from the radioactive decay of
the neutrons and the antineutrons, but as the energy hereby liber-
ated is only of the order 10% e.v., these electrons will in our
coordinate system practically move with the same velocity as
the neutrons, i.e. their energy will only amount to the fraction

]\El of that of the nucleons. Consequently these electrons may be

entirely neglected.

Another crucial point for KLEiN's hypothesis, if it is to ex-
plain all the primary radiation, is, as stated by himself, whether
it is reconcilable with the existence of the large AuGer showers,
representing a total energy of the order of magnitude of 10
e.v. at sea level, which energy is by several powers of 10
beyond the upper limit represented by the rest energy of Si®,
viz. 26X10° e.v. We have already above -(p. 31) discussed
KLEIN's suggestion for solving this problem, and his rough
quantitative analysis does not seem to be unreasonable. This
point cannot, however, be decided at present: it must be left
for fulure investigations. . ,

Summarizing, we may say that only further experimental
investigations can at all decide on the truth of Kvren's ‘hypo-

thesis. We can only say at present that i seems at any rate very
i

' We note that also the most frequent collision between like nuclei, the
H-H process, may in fact lead to electrons with energies above the lower
limit 1-4%10% e.v. caused by the blocking effect of the sun. Although a two-
photon annihilation can only lead at most to the energy 0:9%109 e. v.,<and the
same applies to the electrons resulting from a two-meson annihilation, ax an-
nihilation process of 3. or more mesons may lead to electrons of energies of
the order of magnitude of 2 atomic units = 1-8%109 e.v. As this is, however,
only the case if one of the mesons gets practically the whole energy and the
same applies to its decay electron, we suppose such a process to be of neg-
ligible frequency in spite of the fact that the relative frequency of the H-H
collision is of the order of magnitude 1003100 =10000.

i
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Just as was the case for the collisions between like nuclei, .
KLEIN thus assumes the collisions between unlike nuclei o lead
to diserete energies. This last assumnplion is, however, cerlainly
Just as erroneous as the ﬁrsl one, because the energy must neces-
sarily be distributed more or less at random over the y—a
nuclecns, thus again giving a confinuous spectrum extending
up to 2x atomic units (* p. 33). After some time the neuirons
and antineutrons produced by these unlike collisions will,
furthermore, decay, being transformed into protons + nega-
tons and negative protons - positons, respectively. Due to the
Lorentz transformation mentioned above these particles will
again have continuously distributed energies extending up to
some 10° e.v.

We may thus conclude that Krein's hgpothesis does not lead
lo a band stracture of the primary radiation, which on his hype-
thesis consists of electrons (perhaps photons) together with
both positive and negative protons having continuously distributed
energies of the order of magnitade of some 10° e.v. (the maximum
energy at any rate not exceeding the rest energy of Si®® i.e.
2610 e.v.). Furthermore, this primary radiation will obviously
consist of practically the same number of positons and nega-
tons as well as of positive and negative protons. Apart from
the electrons (perhaps photons), which particles must necessarily,
as far as we can see, constitute a non-negiigible part of the
primary radiation, KLEIN's hypothesis just leads {o the same resul!
regarding the primary component of cosmic radiation as our ana-
lysis of all the experimental data on the behaviour of the radi-
ation in the atmosphere of the earth. The crucial point for
Krein's hypothesis is thus, whether the experiment of Scuriw,
Jesse and WoLran! is compatible with the existence of a
" certain electron component in the primary radiation or not.
We note, however, that primary photons will nof be measured
in this experimental arrangement and perhaps, therefore, we
have to assume the photon rather than the meson annihilaiion
(case (a) above, p. 36). On the other hand, it is impossible at
the present state of quantum theory to evaluate quantilatively
the cross sections for the various processes in question and
thus to estimate the fraction of the primary radiation, which

! ScuEIN, JESSE and WoLLaN (1941 a).
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to the cosmic rays. Now, as mentioned above, the most frequent
nuclei are H, He and then C, N, O and Si, which occur in
the approximate ratio 100:10:1:1:1:1.* Collisions between like
nuclei will lead to total annihilation, the energy being given
off either (a) as two photons, or (b) as two or more mesons.
Krein assumes that (b) is the dominating process and that just
fwo mesons are formed. These mesons will next decay, emitling
an electron and a neutrino. KLEIN now argues that, as the
nuclei are assumed to move with thermal velocities, each meson
will get exaclly the rest energy of one nucleus and the electrons
therefore praclically half that energy, thus just leading to the same
discrete energies as postulated by MiLrikan and collaborators.
This argument is, however, erroneous, First, it is unlikely that
just fwo mesons will be created, because, as discussed by Heil-
SENBERG,? the processes with higher mulliplicity must be ex-
pected to be practically just as probable as the two-meson
process. Secondly, whether this is true or \n'ot, the mesons will
at any rate obtain relativistic velocities and in that casec the
electrons emitted by the radioactive decay in our coordinate
system, due to the Lorentz transformation, will have energies
nearly uniformly distributed between 0 and the whole meson
energy, as previcusly stated (p. 22),% but overlooked by KreiN.
Any such process will thus lead to continuously distributed elec-
tron energies and not to the band structure postulated by
MiLLikan .and col. o

Next, as regards collisions between unlike nuclei with x or-
dinary and y reversed nucleons respectively (x<'y), or vice
versa, KLEIN ‘assumes that 2z of the nucleons are completely
annihilated and - that, due to the thermal energies of the
colliding  particles being small compared with the binding
energies of the nuclei, this annihilation energy will, by a sort
of internal conversion of either the photons or the mesons pro-
duced, be transferred to the remaining y — x nucleons rather than
be given off. KLEiN next assumes this heating up to be so vio-
lent that all the y—a pucleons are emitied with equal energy.

! We only wonder whether these figures inay be extrapolated to be valid
for the intergalactic space, as they have, so far as we know, only been deduced
experimentally in tiie interstellar space.

? HeiseNBere 1943 p. 115.
3 Cf. the detailed calculation in EuLer and HeisenBerc (1938) § 14.
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However, from a theoretical point of view a process in which
nuclei are annihilated, just two electrons thereby being emit-
ted, is qguite an unknown process. Furlhermore it is irrecon-
cilable with the conservation of charge, and in general also of
spin and statistics, which conservation laws are just as funda-
mental as those for energy and momentum. In order o over-
come these theoretical difficulties and yet to be in agreement
with the banded structure postulated by MiLLikaN and col., KLEIN
has put forward the following hypothesis. -

From general theoretical considerations one would expect a
perfect symmetry between the positive and negative electricity
in the world, a  symmetry which was much emphasized by
- Dirac’s electron theory and the subsequent experimental dis-
covery -of the positon. Thus, there ought also to exist what
KLeIN calls reversed matter, in which all electric signs are
reversed, i.e. which consists of negative protons, ‘antiprotons,
positons and antineutrons, the magnetic moment of which has
a direction with respect to the spin momentum opposite to that
of ordinary neutrons. Applying the Dirac equation also to the
nucleons, a positive and a negative prolon, as well as a neutron
and an antineutron, should be able to annihilate each other
just as a positon and a negaton can aunnihilate each other under
the emission of two photons (which process is more probable
than the one-quanium annihilation process being possible for
hound particles), whereby the photons become equal -energies
~and equal but opposite momenta. The annihilation can perhaps
also take place under the emission of two or more mesons.

Since the spe(,tra emitted by ordinary and by revérsed matter
would be identical, it. would be impossible to aseertain whether
a given star consists of one or the other form of matter.
Assuming the stars of each galactic system to have a common
origin, KLEiN now also.assumes that all the stars of one galactic
system consist of the same:  kind of maiter, bul of malter
different from one galactic system to another. In the intergalactic
space nuclei of both kinds may exist together, due to the ex-
tremely small density of matter present there. KLEiN next assumes
that ‘these nuclei move abont with thermal velocities and by
their collisions are at once annihilated as soon as different kinds
of maiter come intc contact with each other, thus giving birth

g*



34 Nr. 7

! ; i
HY | MW g g2 i N1 Qts | gjes | max.
en. | ! | en.
| .
!
Energy in atomic 1 ‘ ‘
units............ 05 .., 2 |6 7 8§ | M .
Fnergy in 10%ev... | 047 14 | 19 56 66 75 132 | 165
; ‘ :
Corresponding geo- }60°N 56°N | 42°N’ 40°N | 33°N | 20°N | o0°
magnetic latitude U.S.A.lU.S.A.|U.S,A.1U.S.A. U.S.A.|India {India
: t |

In this table we have also given the geomagnetic latitudes at
which these energies represent the minimum energy (for elec-
trons) for the direction of easiest access, which is smaller. than
the minimum energy for the vertical direction.! Since the mag-
netic dipole of the earth is situated excentrically, these mini-
mum energies vary slightly with longitude.? For protons the
‘minimum energies are somewhat smaller for the same latitude.?
The column denoted by min.en. in the table gives the minimum
energy found in the primary specirum for easiest access, which
is generally ascribed to the blocking effect of the sun. The
column denoted as max. en. gives the largest minimum enefgy
for vertical incidence at the equator.

On MILLIKAN'S hypothesis we. should thus expect the in-
tensity of cosmic radiation in the stratosphere to have a banded
- structure, beihg constant between the geomagnelic latitudes
corresponding to these energies and increasing each time such
4 latitude is passed from north to south. This effect MiLLikaN
and collaborators® in fact claim to have observed. Their ob-
servations are, however, carried out with ionization chambers
and the measurements, therefore, give the total effect of both
the soft and the hard component and from all directions. So
it wonld’ be more adequate to use G-M-counfers and thus iry to as-
eertain whether the effect, if real, exists for the soft, the hard, or
both components. Farthermore, the east-west asymmetry should then
also show a banded structure, an effect which does not yet seem
to have heen observed. '

L CE oe.g.o Jounsen (1938) fig. 14 p. 219,

T Cf e.g. Jounson (1938} fig. 16 p. 222.

3.QOF. e.g.Jonnson (1938) table I p. 219,

U MiLuikas, Neunn and PickEming (1942), (1943).
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present quantum theory, as estimated by Heisenserc (* p. 32),
this discrepancy may not be so serious, especially when we alsa
keep in mind that the negative protons may-certainly partici-
pale in quite different processes, the calculation of which is
beyond the capacily of the present quantum theory.

Part 4. On the origin of cosmic radiatidn.

As mentioned in the introduction, the idea of assuming the
existence of negative protons in the primary cosmic radiation
has also been put forward in a paper by KLEN.! The purpose of
this paper, however, is not that of explaining the present experi-
mental data on the behaviour of the radiation in the atmo-
sphere of the earih, but to answer our question (a) p. 3, i. e. to ex-
plain the origin of the enormous energies of the cosmic rays.
As already pointed out by MirrLixan and his collaborators,? the
average energy of the primary energy spectrum (4) p. 20, viz.
about 4x10°e.v., is just of the same order of magnitude as
the rest energy of those nuclei which, from astronomical ob-
servations, are known to occur most frequeintly in interstellar
space, namely H, He, C, N, O, and Si. MiLLigan and his co-
workers therefore suggested that the source of the cosmic
radiation is simply to be sought in nuclear processes in which
these nuclei are annihilated, the rest energy being given off in
the form of two elecirons. (At least two electrons in order to
ohey the conservation laws for energy and momenlum) Due
to these. conservation laws, the electrous carry each half the-
energy and have equal, but opposite momenta which are uni-
formly distributed in -space. From this hypothesis we should
expect the primary energy spectrum to he not continuous, as
“assumed in formala (4), but discrete, having only the energies
corresponding -to half the rest energies of the nueclei mentio-
ned, viz.?

P Resiv (1945). ‘
2 Bowen, MiLLigay and Neper (1938 1
21 atomie wnit'is the rest eaergy Me® of T of O ie 931:05x10% e. v

{cf: e.q: BETHU (1936) P 8(;) The at(}mzc WC’lght of the preton hemg 1:00813,
the rest -énergy of HY is 0-9386=10% . v, ete.

T3, K¢l Danske Vidensk. Selskab, Mat.-fys, Médd. XXHL, 7, . 3
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of reversed malier hit the atmosphere, all their constithents are
annihi]ate‘d successively during a very short time by a chain of
annihilation-processes so that a very large number of very energe-
tic particles are produced within a very narrow space. If il is pos-
sible that the particles resulting from these annihilations are mostly
pholons or electrons, or are immediately transformed into such
by cascade mulltiplication of photons or of the electrons from
the radioactive decay of intermediate mesons, we think this to
be a most promising explanation of the extremely high total
energies revealed in the Auvueer showers, these energies now
resulting from many primary particles which are transformed
praclically simultaneously, instead of from one single parent
particle as in the previous explanation. The result must, how-
ever, on whatever explanation given be electrons, as the AUGER
showers are experimentally koown to consist mosily, if not
exclusively, of electrons (cf. the discussion on p. 18).

Summuarizing, we lhink it may be said that our hypolhesis is
able fo explain, at any rafe qualitatively, all the present experimental
evidence. In fact we have not found any experiment directly
contradicting it, but we stress that, of course, only further ex-
periments can show whelher our purely fentative hypothesis con-
tatns part of the truth or perhaps even the whole truth of the
genesis of cosmic rays.

Regarding the more quantitative side of the hypothesis it is, due
to the very incomplele state of the present quantum theory within
these high energy régions, premature to try to deduce any numeri-
cal resulls e.g. for the various iutensities and the geomagnetic ef-
fects. As discussed by the author,! our hypothesis demands a cross
section of the order of magnitude 10~ em?, 1. e. nuclear dimen-
sions, for the fundamental process of the two-quantum annihila-
tion of a negative and a positive proton. Against this, the present
Dirac equation, which, applied to protons, just demands the ex-
istence of negative protons, gives only a cross section of the order
of magnitude 1073 cn? i.e. smaller by a factor 10". Since we
are in these processes far beyond the limits of validity of the

L AnLey (1944).
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as for the latitade effect amount to at most a few per cent, but
in the opposile direction of the east-west asymmetry of the
part of the soft component produced by the negative protons.
Consequently, the east-west asymmetry of the total soft com-
ponent at sea level must be practically zero, as is just found
experimentally, With increasing altitude the cascade part of the
soft component becomes more and more dominaling, and the
east-west asymmetry of the soft component should thus.on our
lhypolhesis decrease with increasing altitudes, becoming more
and more negalive, as is indirectly verified by ihe experiment
of Jounson and Barry (cf. the discussion on p. 22). '

As for the meson showers and the nuclear stars, i.e. the
explosion and the evaporation showers, respectively (cf. p. 16 fI.),
it follows from our hypothesis (p. 27) that their frequency
should increase roughly proportionally to the intensily of the
soft component, as just found experimentally. Kvemv,' however,
has also suggested the possibility that the stars may be due
to the absorption of slowed down negative protons. As here the
binding of the nucleons must come into play, such an absorption
would lead to a strong healing up of the nucleus and a sub-
sequent evaporation in contrast to the case of very fast protons
(ct. p. 27). Also this process would explain that the frequency
of the stars increases very sirongly with increasing allitude.
Although, as we have seen, it is unnecessary to have recourse to
this explanation of the stars, because they are equally well ex-
plained as the result of the direct absorption of photlons (or
perhaps of slow negalive mesons), we would not exclude the
possibility of the existence of such processes.

Krein? has also suggested another explanation of the very
large Aucer showers in order to account for the oceurrence of
the enormous energies, viz. 10*-10"® e.v., necessary if they
are to be explained as cascade showers produced at the top
of the atmosphere and penetrating down through the whole of
the atmosphere to sea level. KrLrin suggests as another ex-
planation that there may also in the primary radiation exist whole
grains or dust particles consisting of reversed matter, i. e. matter
the atoms of which cousist of negalive protons, ‘anlineutrons’ and
positous (cf. the last part of the present paper). When these grains

t Krein (1945).
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Combining the latter result with the result of the negative.
east-west asymmelry of the soft component, we thus see that
our hypothesis leads to an east-west asymmetry for the total
radiation which decreases with increasing allitude, as is just found
experimentally by Jonnson and Barry (> p. 10; cf. also ‘the
discussion on p.22). We think that this crucial experiment is a strong
arqument in favour of our hypothesis.

»We note that it might be thought possible to test experimentally, if
our hypothesis is at all accepted, whether the soft component in the
upper atmosphere is produced through intermediate vector mesons (cf.
above p. 24). For the lifetime of these particles we must presumably
assume values of the order of magnitnde 102 seéc. In that time, they

M

would on an average move a distance of 10-83.1010

b h

{the velocity being relativistic, and the factor ,—l—;, ~ 40 being the re-

5 CHl 100 m

lativistic time factor). Thus, those vector mesons produced in the neigh-
bourhood of the measuring apparatus would pass through it as a hard
radiation, but as one showing a negafive cast-west effect. At that alti-
tude at which .the hypothetical transformation, negative protons: to
vector mesons, should take place, we thus might observe a tem-
porary decrease in the east-west asymmelry of the hard compenent.
We think, however, that in view of the fact that such vector mesons
must be created in multiple processes, il at all created, this eventual
decrease could only amount to a few per cent and thus presumably
only be within the measuring errors. ' '

At sea level most of the soft component is presumably due
to the decay and interaclion showers mentioned above (p. 28),}
and it could therefore only show a latitude effect of at most
a4 few per cenl, these: showers represenling only a fraction
of the energy of the primary particles from which they have
heen produced. As the same applied lo the cascade showers
produced from the negative protons, the fotal soft component
at sea level should show a latitude effect of at most a few
per cent, as just found experimentally.

As regards the east-west asymmelry of the soft component
produced from the hard one, it could also for the same reasons

i ! In HeisesBera (1943) p. 90, it is estimated that at sea.level the soft

¢omponent is composed of about 627%, decay showers (Z), 17°%, interaction
showers (W) and 21°%, cascade showers (R) (the last originating according to
our hypothesis from the negative protons).
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contribution to the soft component from the hard component
is only-small, show a considerable east-west asymmetry in the
~ opposite direction of the hard component, i.e. a preponderance
of negative primaries, or greater intensity from the east, Tt
should, however, here be noted that this conclusion is based on
the assumption that the mesons produced by the posilive pro-
tons moslly are long-living pseudoscalar mesons. If also a con-
siderable number of short-living vector mesons were produced
in these processes, they would already at high altitudes decay
into elecirons at once giving birth lo cascade showers. As a
result, the east-west asymmetry of the soft component at great
allitude would in this case be less negative or even praclically
" zero. The direct experimental determination of lhe easl-west asym-
metry of the soft component at great altifude is thus of funda-
mental importance, although Jonxscon and Barry's experiment
already gives strong evidence of a considerable negative east-
west asymmetry of the soft component at great altitude, as
discussed above (p.23). Furthermore, this east-west asymmetry
of the soft component should be practically non-increasing with
increasing zenith angle (cf. p. 12).

.As for the hard component, it is [irstly seen that on our
hypothesis it does not pass through any masimum, but increases
steadily up to the very greatest heights, As already stated, the
primary protons, having relativistic energies, will behave as a
hard component whether they are transformed immedialely or
gradually into mesons. Next, the hard component now shows
the same geomagnetic effecls as in the previous proton hypo-
thesis, viz. a lalitude effect at sea level of the order of magni-
tude 10-20%,, which increases with increasing altitude, but
less strongly than that of the soft component, because the me-
sons only lose about 2x10° e.v. by their passage through the
whole atmosphere. We think that also this slatement is in agree-
ment with the experiments although the data are here ralher
scanty, as discussed on p. 8 Finally, for the same reasons ouar
hypothesis leads to a‘positive east-west asymmelry already at
sea level. Furthermore, this positive ast-west asymmetry must
increase with increasing altitudes and with increasing zenith
angle (cf. p. 12), which statements are both in agreement with
the experimental findings. :
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