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extra increase with the thickness is in agreement with the measure
ments, and is the most direct way in which the tails of the scat
tering distribution reveal themselves with the present technique
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The measurements on the 0.61 mg/cm? beryllium foil cor
respond to values of »# between 0.9 and 2.8. These values belon,
to the transition region in which neither the classical nor the Bor
approximation is valid, but since the two approximations joi
smoothly, one should still expect them to give approximatel
correct values for the half-widths if only @ is large enough t
malke the logarithm slowly varying. This is so in the present cas
since 7 is of the order of 10% In accordance with this large valu
of 7, the measured and calculated values of aj appear to agre
somewhat better than for the gold and copper foils. The remaining:
discrepancy can probably be accounted for in terms of th
uncertainty in the estimate of the effects of the atomie electron

THE TOTAL CHARGES

OF FISSION FRAGMENTS IN

GASEOUS AND SOLID
STOPPING MEDIA

Considering the approximations involved, the results of th By
experiments thus seem to be in good accord with the theory of
the compound scattering, both as regards the absolute values of;

N. 0. LASSEN

the scattering angles and their dependence on the different par
meters. It may be noted that the dependence of «; on the energ
of the particles in the region investigated appears to be a litf
less strong than corresponding to the theoretical 1/E law.
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Introduction.

ome years ago the total charges of fission fragments leaving
a uranium surface were determined by measurements of the
urvature of the paths which were described by the fragments
the magnetic field of.the cyclotron. The most frequent values
f.the charges were found to be 20 and 22 & for the light and
¢avy fragment, respectively™?. Later, the specific ionization
y the fragments along the range was measured in several
ases® %5, From the latter measurements the effective charges
ere calculated by means of the stopping formula given by
our®. They were found to have absolute values agreeing
uite well with the observed total charges, but the light fragment
as found to have the higher effective charge in contrast to the
esult of the deflection measurements, which clearly showed that
has the lower total charge.. From the values of the specific
ization it was indicated that the effective charge of the light
ragment might be slightly higher in hydrogen than in heavier
ases, but this result was rather uncertain. It was therefore
ecided to measure the total charges in hydrogen and other gases
)y means of the deflection method.

These experiments, which will be described in the present
per, have yielded very interesting results®. It is found that the
harges in gases are functions of the gas pressure, a result which
d not been foreseen, but which may be readily explained as
esult-of a competition between radiation and loss of electrons
m excited states in the fragment iOI_lS.- At least at low pressures
¢ charges are much smaller than the charges in solid materials,
act which enables us to estimate the order of magnitude of the

11" A short account of the main results was given in a recent note in The Phy-
al' Review (7).
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cross-section for electron capture by the fragments in gase
Furthermore, the experimen’s show that in gases the light fra
ment has a higher charge than the heavy fragment opposi
to what is the case in solids, removing in this respect th
discrepancy belween the effective and the total charges.

In the following a short description of the experimental tec
nique will be given in Chapter I. In Chapter IT the results obtaine
in gases at low pressure will be presented; Chapter 1II deals wi
a few measurements of the charges in solids, and Chapter I
with. the measurements in gases at higher pressures leading to t
variation of the charges with pressure. :

lezon wax, so that no gas can penetrate into the deflection
thamber from the second chamber. This outer chamber is made

Chapter I. Experimental Technique.

§ 1. Apparatus.

In Fig. 1 (1) denotes the brass wall of the acceleration chamberJi§
of the cyclotron. (2) is a stud consisting of a 3-inch copper tubej
and a flange, on which the actual deflection apparatus is mounte
The apparatus consists of two chambers; the inner chamb
which may be called the deflection chamber, is limited by
brass disk (3), a 5-inch copper tube (4), a flange (5), a 3-in
brass tube (6), a brass plate (7), and a copper pyramid ()
Outside the top of the pyramid four cooling tubes run, to whichj
a beryllium plate (9) is soldered. (10) indicates the position o
the Dees and the figure furthermore indicates an 8§-MeV deuter
beam hitting the beryllium plate, which thus acts as a strong
neutron source. Inside the pyramid, close to the top a mi
sheet (11) carrying a uranium layer is placed; the layer is ma
by evaporation in wacuo in a special chamber. (12) is a s
made by two brass knives held by the brass plate (13), whi
1s supported on a movable slide (not shown in the figure) an]
can be operated from outside by means of the rod (14), agai
which it is pressed by a spring. The bellow (15) permits t
rod to be moved about 25 mm in a direction along its axi
the position of the rod and therefore of the slit can be read
an outside scale with an accuracy of 0.1 mm.

In the brass disk (3) is cut a second slit (16), but this slit
covered by a thin mica foil fastened to the disk by means

=
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Fig. 1. Experimental apparatus.

a 5-inch copper tube (17) and a brass plate (18); it contains
lonization chamber, the two electrodes of which are mounted
on the brass plate (19) by means of insulating supports (not
own). One of the electrodes (20) is simply a brass plate, while
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the second electrode (21) is formed as a box surrounding the
former. The fission fragments enter the ionization chamber
through a slit in the second electrode; in order not to destroy
the electric field this slit is covered by a gold foil 0.18 mg per cm?
Before entering the ionization chamber the fragments mus
traverse the gas in the deflection chamber, the mica VViI]dOW;
and the gold foil. The ionization chamber is filled with pure argon
to such a pressure (60—130 mm of Hg), that the fragments are
brought to rest inside the chamber, the pressure being chosen
the lower, the higher the pressure in the deflection chamber is
Free electrons are collected on the positive electrode, and t
pulses are amplified by a four stage linear amplifier; the recordi
instrument is a cathode-ray oscillograph and a continuously
moving film. For further details, see ref.s (1) and (3). .
The fragments coming out of the uranium layer will move
in curved paths due to the magnetic field of the cyclotron; they
must pass through the slit (12) and through the mica window
in order to reach the ionization chamber. Hence, for a certain
position of the slit only fragments with a proper Hp value wi
be recorded; the dotted line in the figure shows the possible
path of some of the fragments. In most experiments the bread
of the uranium layer was 0.7 mm; the widths of the slit and th'
mica window were 0.7 and 2.1 mm, respectively, the beam o
fragments determined by the layer and the slit just filling out th
window. The height of the layer was 20 mm, that of the window
"60 mm. In a few cases explicitly mentioned in the followmg i
slightly different geometry was used.
The deflection chamber can be exhausted by a mechanical
pump or by connecting it to the cyclotron vacuum through a
outer tube. It is connected to two McLeod manometers with
ranges 107* 10" and 107>—10"2mm of Hg, respectively. Wh
the chamber is closed the pressure rise will be smaller il
10" mmi per hour. The chamber is furthermore connected to &
glass tube which during all experiments were cooled in liq
air, except the experiments with xenon, in which the liquid ait
was replaced by solid carbon dioxyd in alcohol.

§ 2. General procedure.

- The experiments were usually carried out in the following way:

The slit (12) was put in a proper position and the fragments
ere recorded for some twenty minutes. Afterwards the slit was
oved sideways in steps twice its own breadth and for each
osition the fragments were recorded for about the same time.
When the slit had reached a position where only few fragments
rived at the ionization chamber it was moved the opposite
ay, now being placed at positions halfway between the earlier

' 20 ' 40 ' 60MeV
ig. 2. Energy distribution of fragments having traversed 0.79 mg/cm? of mica
and 0.25 mg/ecm? of aluminum.

ositions, and so on. The neutron dose was measured by means
f'a boron lined ionization chamber, placed near the cyclo-
on, and a current integrater.

On the recording films the pulses were counted and their
izes were measured. Fig. 2 shows the pulse size distribution
btained by adding up the results from all recording films in a
tain experiment. As will be seen, it is possible by means of
e pulse sizes to distinguish between pulses due to fission
agments and to backgrdund, caused by p-rays and neutrons.
uijtherr’nore, the two groups of fragments can be roughly separ-
ted from each other by identifying fragments of sizes higher or
er than 34 MeV with the light or the heavy group, respectively.
The distribution in Fig. 2 was obtained with a 1 mm uranium
er, a 1 mm slit, and a 3 mm window ; the uranium layer was
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rather thin (o= 0.2 mgfem?) and it was mounted in a way slight
different from that shown in Fig. 1 so that the observed fragmen 70 1
were emitted normally from the surface. In most of the e 160 4
periments, where uranium layer and slit were only 0.7 mm an{
the window 2 mm, the layer was chosen much thicker (0.6 140 1
0.8 mg/cm?) and it was placed in the way shown in order 120
give a sufficient yield. The fragments reaching the ionizatig
chamber traversed the layer obliquely, the paths making angl 1907
of about 45° with the normal. For these reason the spread in pul 30
sizes was somewhat greater and the valley between the two pea 5 |

40 4

20

a
10 :

10 20 Jo 40 - 50 mm

Fig. 3. Typical pulse size distribution curve. Abscissa: Pulse size in arbitr
units, Ordinate: Number of fragments. The present curve was obtained wi
helium at a pressure of 12.1 mm in the deflection chamber. The thicknesses
mica window and gold foil were 0.58 mg/em? and 0.18 mg/em? respective
The upper half of the fragments, e, g. fragments corresponding to pulses higl
than 33 are regarded as belonging to the light group, the lower half correspond

to pulses between 12 and 32 to the heavy group.

;g.'4. Deflection of fission fragments from a layer of uranium (0.7 mg/cm?)
red by a layer of beryllium (0.1 mg/cm®). Abscissa: Displacement a of slit

e ] I
m.a = const.xﬁ- Ordinate: Number of fragments for equal neutron doses.

Open circles: Light fragment. Full circles: Heavy fragment.

istribution. The scale, given by e = 1.7 X a, is shown in the
gure; it has been calculated from the known magnetic field
nd its variation along the radius of the cyclotron and was
cked by means of ThC’ «-particles in the same way as in the
ier experiments®. The scale is not the same as earlier,
ause the magnetic field is about 20 per cent. higher, the cyclo-
n'now being operated at a higher deuteron energy. The most
quent charges are found to be 22 and 23.5 ¢ for the light and
avy fragment, respectively.

on the distribution curve was not so deep. Consequently, the dividi
line between the two groups was not very well-defined and, hen
in stead of using the curve to determine this line, it was simp
obtained by dividing the total number of fragments into
equal parts. Fig. 3 shows a typical pulse size distribution curve]

The results of the counting were plotted in a diagram glvmg
the number of fragments as a function of the displacement (|
the slit. As an example the distribution of the deflection of Ir
ments having passed a thin layer of beryllium is shown in Fig,
From the diagram the most frequent deflection values for.
light and heavy fragment are found to be 13.0 1 0.3 -anj

13.9 4= 0.3 mm, respectively. The deflection as meéasured by "Chapter 11 Resultsb in Gases at Low Pressure

. iy ox R . & (1) .
displacement a of the slit is proportional to e and since § 1. General remarks.
does not vary much among the fragments (about + 10 per cé ;
from the mean value™) and is the same for both groups of fr

ments, the distribution curve gives a rough picture of the charg

‘The deflection distribution obtained from uncovered uranium
th vacuum in the deflection chamber (p~ 1073 mm) is similar
that shown in Fig. 4; the peaks lie at displacement values
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bout 1 mm argon or 10 mm hydrogen, and for higher pressures
he.width is constant within the limits of error. This. width is
lightly greater than the width caused by the geometrical arrange-
ment. As seen, the curve for the heavy group reaches the minimum

11.8 and 13.0 mm for the light and heavy group, respective
But when the deflection chamber is filled with a gas to a 1
pressure the deflection curve is considerably changed. Figs.
6, 7, 8, and 9 show examples of the distributions obtained; the

100~ ’%
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Fig. 5. Deflection distribution with 0.06 mm H, in the deflection chambe

differences between these and the curve in Fig. 4 are rather out
standing.

Firstly, the light fragment suffers higher deflection than th
heavy fragment, which means that in gases the former has th

120+ .
1
100— ‘
~Fig. 7.. Deflection distribution with 3.8 mm H, in the deflection chamber.
80
N dth for a lower pressure than does the curve for the light
up.
40 6 The difference between the widths found with vacuum and
) th a gas in the deflection chamber may be understood by the
S bee oL . lowing considerations. Suppose for a moment that we had a
6°—°| T mogeneous group of fragments with definite values of m, o,

nd z, and that the geometry were infinitely good. Since the
arge e is determined by a balance between capture and loss
electrons, it will not be constant along the path, but fluctuations
-one or more electronic charges will occur. But when the

Fig. 6. Deflection distribution with 0.67 mm ¥, in the deflection chamb

higher charge, opposite to what is the case in uranium, as
already mentioned in the Introduction.

Secondly, at not too low pressures the deflection curves ai
much narrower than those shown in Fig. 4. On the figures it mg
be followed, how the width of the curves decreases with

creasing pressure; a minimum width is reached for pressure mean charge, and the fluctuations will have no influence on
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the shape of the deflection curve. However, for p = 0, whe
no interchanges of charge takes place in the deflection chambe
the charge distribution at a definite point of the range will
obtained; this distribution is determined by the number of possibl

ready mentioned, « is approximately proportional to e; the
e-values and the probability with which they occur. Hence, f

élocity decrease for a pressure of 4 mm argon is about two
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Fie. 8 Fig. 9 f-argon in the deflection chamber. Open circles: Light fragment. Full circles:
g. 8. g. 9. . Heavy fragment.
Fig. 8. Deflection distribution with Fig. 9. Deflection distribution
10.7 mm H, in the deflection chamber. 0.9 mm A in the deflection chambep

' cent,, which in the present connection may be neglected.

reasonably high pressures we shall expect the curves to be shaiy
while for p = 0 they give the distribution of the charges of frag
ments emerging from solids. The fragments are not homogeneous
and the geometry is rather imperfect, and for both reasons
curves are considerably broadened; nevertheless, since the di
ference between the curves is so large, the curves for p = 0 m
be. taken as a rather good picture of the charge distribut '
caused by the fluctuations.

A third difference between the curves in Fig. 4 and those
the following figures is, that the absolute values of the charges
rmmuch smaller for higher pressures than for p = 0. As seen fr
Figs. 5—9 the deflection decreases with increasing pressure m
strongly for the heavy than for the light fragment. This is moj

n, ¢ decreases from about 21¢ for p = 0 to about 15¢ for
~ 0.5 mm A and then remains nearly constant; the increase

the ordinates of the curves for increasing p-values will be
cussed later. '

:§'2. Mean free path ], for electron capture in argon.

:From the curves in Fig. 10 we can roughly estimate the
ective cross-sections for electron capture o, for the two frag-
ents. At zero pressure the charges are determined by equilibrium
tween capture and loss of electrons in the passage of the frag-
ents through the uranium layer. At a pressure of about 0.5 mm
igher the charges are determined by the equilibrium in the
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tical point of view we have no reason to expect the same law
hold for fission fragments and, since the assumptions men-
ned above might give different orders of approximation for

gas. At the intermediate pressures the rate of decrease of th
deflection is determined by the rate, with wich the charges a
changed due to capture of electrons in the gas. Suppose t
pressure is increased from zero to such a magnitude that th

e two fragments, the value found for -2° cannot claim any

mean free path A for capture is, for instance, 50 mm; the eat accuracy’. “1e

taking into account the inhomogenuity of the magnetic field a
the statistical distribution of the capture processes the decrea
of the most frequent deflection may be calculated to be 1.4:.m
Similar calculations in which Mr. N. BRENE has kindly assiste
have been made for other A-values; the resulting curves have t
shapes indicated in Fig. 10. By fitting together the ca]culate_»
curves and the experimental points the mean free paths fof
capture, reiated to atmospheric pressure, for the light and hea
fragment, respectively, are estimated to be 4;, = 0.003 mm an(j
Ase = 0.0004 mm.

It must be emphasized that these figures should onl‘y
regarded as rough estimates giving the correct _or('ler of magnrful :
By the estimation we have made two simplifying assumptio f
firstly, the probability for loss of electrons has been completely
neglected and secondly, we have arbitrarily assumed that
capture probability is independent of the instantaneous charg.
From the charge distribution curve in Fig. 4 charge values m
than 5 ¢ higher than the equilibrium charge are seen to be rar¢
hence it must necessarily be deduced that for such highly char
fragments o,>) 0;. Inthe equilibrium the cross-secti.ons for (?apt 7
and loss are equal, and for all charge values in question :
therefore have o,) ;. In view of the large difference betwe'en _’
starting values of the charges and the equilibrium charges it maj
be justified in the first approximation to neglect o when
culating the beginning of the curves in Fig. 10. '

The values of A, given above correspond to cross-section
the order of magnitude 1071 ¢cm?, which agree with theoret
estimates given by Bomr®. It may also be rema.rked th:jlt,
heavy fragments has much the highest cross-sect.mn., whie
in accordance with the smaller velocity. As a curiosity may:

§ 3. 1. in other gases.

In an early experiment, when only the higher range McLeod
anometer was in operation, and when therefdre,the pressure
in the deflection chamber could not be measured very accurately,

t was estimated to be 0.02 mm of atmospheric air, the most
equent values of the deflections were found to be 10.1 and
3 mm for the heavy and light fragment, respectively. From
ese values in connection with the deflection values for p=

f‘-s mm the mean free paths for capture are found to be nearly

g.same as in argon.

n hydrogen a complete series of measurements was made,
‘seen in Fig. 11. The mean free paths for capture in hydrogen
e found to be 4;, = 0.09 mm and iy, = 0.002 mm, values
hich are much higher than the values in argon and air. Also,
e difference between the cross-sections for the two fragments
is much greater in hydrogen than in the heavier gases; the ratio
is in hydrogen found to be 0.02 as compared with the value
(N

13 in argon, and although both ratios may be considerably in
ror, the great difference may indicate a stronger velocity depen-
nce of the capture cross-section in hydrogen than in argon.
‘Since the cross-sections in hydrogen are so much smaller
an those in heavier substances, it is obvious that the purity of
¢ hydrogen plays a very greatrole. If the hydrogen gas contains
per cent. air one would get the above value of A;, even if the
plure cross-section in hydrogen was vanishingly small; 20 per
nt. air would be required to account for the observed value of
The hydrogen was taken from a steel tank, which according
e manufactory contained hydrogen of a purity higher than

A closer theoretical treatment of the capture and loss phenomena including
a:more accurate estimate of the cross-sections for the processes will be given
forthcoming paper by N.Bour and J. LINpHARD in the “Mat. Fys. Medd.”
e Royal  Danish Academy of Sciences and Letters, Copenhagen.

A 5.6
mentioned that we find % = (?) = 0.13, and that
lc 1

a-particles Ruraerrorp® has shown that . is just proportion
to v*® in the velocity range considered; however, from a the
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99.9 per cent. Before each experiment the deflection chambe
was thoroughly exhausted and filled with the gas at least thr
times. At the beginning of the experiment the gas may therefd
be expected to contuin less than 0.1 per cent. impurities. Duri
the working time of about 5 hours the pressure rise of the i

§ 4. The equilibrium charges in gases at low pressure.

‘Since the curves in Fig. 10b for higher p-values are not
xactly horizontal, the minima on the curves may be taken to
epresent the equilibrium charges at the lowest pressures. In the

resent treatment it has, however, been chosen to extrapolate

= 140 a e linear parts of the curves backward to intersection with the
#21 ' 113 p = 0 and to define the equilibrium charges corresponding
204 197 . : - ;
w1 zero pressure as the ordinates of the intersection points. The
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Ig 12. I‘he equilibrium charges in various substances plotted against the nuclear

Figs. 11a and b. Most frequent deflection a in mm plotted against the pressure 1 charge of the stopping atoms.

hydrogen in the deflection ¢hamber.

1fference between the values so defined and the minimum values
" quite small in all cases except one, the charge of the light
ragment in hydrogen. In this case the difference becomes larger,
ecause a rather high pressure is needed to give “equilibrium”’;
extrapolation is shown in Fig. 11 and in Fig. 17.

Fig. 12 gives the equilibrium charges in various gases (the two
er curves). Leaving hydrogen out of account e seems to increase
h z for small atomic numbers; it reaches a maximum for argon
d decreases slightly for higher z-values. The points for H, lie
nsiderably higher than would be expected from an extrapolation
the rest of the curves; thus, although the charges in H, are not
ch higher than in the heavy gases, e, on the contrary being
wer than in most of the gases, they may in a certain sense be
d: to be rather high. For both fragments the charge is con-
erably higher in H, than in He.

n.Mat . Fys, Medd. 26, no. 5.

purities may amount to 0.005 mm. Thus for the pressure
1 65 mm, which is significant for the determination of 4, th

expect the impurities at the end of the experiment to be sm
than 2 per cent.; also in this case the influence of the impur
is negligible.
In helium no direct measurements of the mean free p
have been carried out. The deflections have only been meas
for relatively high pressures (2 mm and higher), but from t
measurements it is indicated, in qualitative accordance with theot
that 4,, is smaller than in hydrogen by at least a factor of 2

o
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parallel down to about 6 mm it is seen that the rate of decrease

the deflection of the light fragment is the higher for the slower
fragments, e. g. that 4;, corresponding to the velocity v; is smaller
than 4,, corresponding to the initial velocity, a result, which

It is satisfactory that the difference e;—e, is higher in H
than in A, because it is in accordance with the results for th
effective charges already referred to®. It is also in conformi
with the larger relative difference between 4;, and 45, in hydroge

’

should also be expected. An attempt to estimate the ratio Are

Zlc '

§ 5. The variation of the charges along the path. s been made by means of the curves denoted 0, 3, 6, and 9

In Fig. 13 is shown the result of some measurements in Hy
in which a mica foil tested for homogenuity by means of mon
chromatic light and of thickness 0.47 mg/cm? covered the uraniu

Ja
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Fig. 13. Deflection of fragments having traversed a mica foil plotted against
pressure of hydrogen in the deflection chamber.

laver. The ordinate is the deflection a, which is proportional . »
ye he ord e , prop g. 14. The charges in H, and A as functions of the path d traversed. Circles and

e . ' . iriangles correspond to H d i L N
—~, but here mv is not the same for the two fragments, si : P » and A, respectively. d is given in mm of argon.

my
they have been slowed down in unequal ratios. As the fragmen(y
traverse the mica foil in a direction making an angle of nea
45° with the normal, the effective thickness is 0.66 mg/cm?, whic
according to the previous paper(3) corresponds to 0.47 cm _.9'

here for instance curve 3 corres
v
1

L1 ;
;.(’01)' As seen, the A-values determined on the previously

ponds to a value 1), =

entiohed basis seem to vary with a high power of the ve-
ty. -

Similar measurements in argon indicate that also in this gas
f'01: .fragm’ents having passed the mica foil is smaller than
initial Va'lue. The equilibrium charges are found to be e, =
¢and e; = 10.4 ¢,

I Fig. 14 the charges in hydrogen and argon are plotted
nst the path d traversed by the fragments; d is given in mm
rgon. The dotted lines 1 and 2 are drawn proportional to
:nd vy Tespectively, and, as seen, the charges vary nearly

2%

argon. Using the range velocity relation given in the mentiong
paper it is found that v; = 0.83-v; and vy = 0.73-vy, v anl
v, being the velocities of the fragments having passed the m ‘
foil, and v, and v, being the initial velocities. Using these val
one gets from Fig. 13 for the equilibrium charges ej = 13
and e, = 9.0 &. The charges at the surface of the mica foil
18.8 ¢ and 17.2 ¢ for the light and heavy {ragment, respectivelfs
Since the two curves in Fig. 13 are parallel down to a press
of 2 mm, while the corresponding curves in Fig. 11b are.
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‘most frequent charges given in Fig. 12 are obtained. They are seen

be markedly higher in the lighter substances than in uranium.
: However, a priori a slight possibility might exist that the
gh«.ar deflections for the lighter materials were caused by the
owing down of the fragments, since nothing was known with

proportional to v in agreement with theory®. In fact, th
relation e oo v holds within the limits of error except for th
light fragment in argon, which shows a slightly more slowl
variation of e.

ertainty about the variation of -& along the path in these
: my :

aterials. In order to exclude this possibility a series of measure-

Chapter I1I. The Charges in Solid Materials.

From the preceding it is known that the charges are muc '
lower in the various gases than in uranium. In order to exami |
whether this difference originates in the difference in z-valu
or in the difference between the gaseous and the solid states, som
experiments were carried out in which the uranium layer w
covered by a thin layer of another metal. The metal was deposited:
on the uranium layer by evaporation in vacuo. By the actu ]
deflection measurements the pressure in the deflection chamb
was kept at 107° mm, but for each metal was afterwards measur
a curve with about 1 mm argon in the chamber. With vacuu
in the chamber deflection curves were obtained, which we
similar to those obtained from uncovered uranium, but sligh
displaced against higher e-values. With argon in the chamb
the deflection curves were found to be nearly identical to
earlier measured curves for argon. The results are summariz
in Table 1.

Neglecting the decrease of velocity in the covering media the

16
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ig. 15;1. Deflections of fragments in aluminium as functions of the thickness

TaBLE 1. of the aluminium absorber.

15b. The charges in aluminium as functions of the thickness of the aluminium

Most frequent deflections absorber.

coverin thickness?® ;
g fragments traverse the absorber obliquely. The abscissae correspond approxi-

medinm in mg/cm? In vacuum 1 mm argon ely to the path traversed measured in mm of argon. Squares and triangles
a, 2, a ; refer to mica, see text. .

Be 013 18.0.103 | 13.9. 03 6514 0.3 e:;; e:::, ;)I?Itﬁ(l)ilsnlsi‘ije‘gltt}}lle aluminium abso.rbers of vgrious
Al 0.07 127403 | 140205 | 95403 | 87-40 . geometry was slightly altered; the
Ag 0.18 12.24-0.3 | 131403 | 95404 8740 dths of uranium layer and slit were 1.0 mm, that of the window
none 0 118403 | 13.0405 | 92403 8740 ‘mm. The two thinnest aluminium absorbers were made by
none 0 11.6--0.6 | 12.94-0.6 .. .. uccessive evaporation in vacuo; the other absorber thicknesses
none? a 11.8403 | 126404 | 93403 | 8840 vere obtained by additional aluminium foils. The result is shown

1 The fragments traverse the layer obliquely.
2 Another geometry. -

Fig. 15a from which it is seen beyond any doubt, that the
arges are higher in Al than in U.
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e path traversed; there the ordinates of the fulldrawn curves
‘and 2 are proportional to v, and v,, respectively.

. As seen, the curves for the two fragments intersect each other.
t the initial velocities the heavy fragment has the higher charge,
ut after some slowing down the charges of the two fragments
ecome equal (for a velocity ratio v,: v, = 0.66); after further
opping the light fragment will have the higher charge equal to
hat is the case along the whole path in gaseous stopping media.

In argon at a pressure of 0.5 mm the equilibrium -char
will be reached on a path of the order of magnitude 1 cm,
may be deduced from Fig. 10. In respect to velocity decreast
this length corresponds to about 0.001 mg/em? Al. Hence
may be expected that equilibrium is reached for much thi
ner layers than those used here; in view of this and of
rather small difference in charge no attempt was made
determine A,

Since all the three stopping materials used were metals
question might arise whether the charge in insulators is the sa
or not. Some information may be obtained by comparing the
curves in Fig. 15a with a measurement performed with a mic?
sheet of thickness 0.47 mg/em? placed in front of the uranium
layer (triangles in the figures) as well as with earlier measur
ments with mica absorbers® (squares in the figure). By thi
comparison 1 mg/em? of mica has been put equal to 1.04 mg/em
of aluminium. The magnetic field had another value when th
earlier measurements were made, but by multiplying the ratj
of the deflections obtained with and without absorbers with
deflection now obtained for uncovered uranium we get th
square points. Corrections of the abscissae have been introduce
because the fragments penetrate the absorbers more obliq
in the present experiments than earlier. According to the curv
in Fig. 12 we might expect a slightly higher charge in mica tha
in aluminium, since mica contains a rather high amount
oxygen. As seen, the points in Fig.15a agree with this expectatio
and although we cannot with certainty deduce, that the in
charges in mica fit with the curves in Fig. 12 it is rather likel
to assume so. At least it is a fact, that fragments with velociti
about 80 per cent. of the initial velocities have almost the s
charges in mica as in light metals.

Thus there is a large difference between the charges of fis
fragments in gaseous and solid stopping media, but non
almost none between the charges in metals and insulators

If the charges had decreased along the range proportl
to v the deflections would have been independent of the abso
thicknesses. Fig. 15a therefore shows that the decrease is sligh
more slowly, at least for the light fragment. The same is se
from Fig. 156b, which gives directly the charges as functio

Zhapter IV. Dependen‘ce of Charge on Gas Pressure.
§ 1. The effect.

As is demonstrated by Flgs 10 and 11 fission fragments
merging from a uranium layer into a gas will capture electrons
ntil they reach equilibrium charges ,which are much lower than
1e charges in uranium. For each of the two fragments the de-
ection a reaches a minimum and then again increases -slowly
vith increasing pressure. Since a is proportional to -~ and since

muy
Is constant, the emission of neutrons from the fragments in

lmost all cases taking place on the first very small fraction of
, the increase of o must be due to an increase of e or a de-
rease of v. In fact, when p is increased the average velocity
ong the path inside the deflection chamber is reduced and,
f'course, at first the increase of a was considered to be a result
i;this’ velocity decrease. However, a closer consideration shows
at this explanation is insufficient. Looking at the curve for the
eavy fragment, for instance, we find an increase in a of 5 per
ent. when p is increased from 0 to 3 mm argon; the average
elocity is 2.2 per cent. lower for p = 3 mm argon than for
7 0, as may be calculated from the dimensions of the apparatus
nd the range velocity relation. Thus, even if the chiarge e, were
onstant along the path, the velocity decrease is insufficient to
ount for the observed increase of the deflection. Moreover,
tom the previous it is known that e, varies nearly proportional
0,05 Hence, the slowing down of the fragments will cause no

nerease at all in @, and 1? will be constant along the path from
v
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the point where the equilibrium charge is reached. (Of cou
we are here speaking about mean values of the charge, and
fluctuations are not considered.)

Although an increase in « of 5 per cent. is not very mu
higher than the uncertainty the increase must be considered’
an experimental fact, in view of the circumstance, that a
responding increase is found for both fragments in H,, He,
A and Xe, and in case of H, and A also for smaller veloci

rather small varialion in a, as compared with the uncer-
ﬁihty, make the discussion of the curves somewhat com-

Knowledge about the variation of —/ with the velocity may
muv

obtained from the measurements with a mica absorber already
ntioned; the a-values obtained in these experiments by the
al extrapolation to zero pressure are summarized in Table 2.

an excited state. If the density of the gas is high, so that the t
intervals between successive collisions are short, the ion
still remain in the excited state when the next collision takes plac
However, if the next collision occurs after the lapse of a sufficien)
long time, the ion will have reached its ground state by a radiatiy
transition, and this leads to a reduced effective cross-section U
loss. Hence, for low pressures the ion is expected to carry m'r
electrons.

At a pressure of 3 mm argon the increase of the charge amoui
to about one unit. At this pressure the time interval betwel]
successive interchanges of charge is of the order of magnity

 —

L T Y
10 20 Jo 40mm

Fig. 16. Deflection vs. pressure in argon and oxygen.

‘Though the variations of -£ do not amount to more than a
mu

per cent., they are high enough to be importance. As seen, the
uence will be, justin accordance with the curves in Figs. 16 and
to increase the a-values less for the heavy fragment than
the light fragment, even when e did not depend on p. A closer
nsideration shows that in H, as well as in A e, and e, are both
und to increase with p also for the higher pressures; the in-
case of e; is in both gases found to be slightly higher than the
crease of e,, but the difference is smaller than the uncertainty.

Z oo 107" sec. This may give a hint when éstimating the magni
v :

of the life times of the excited states in question.

§ 2. The charges at higher pressures.

A priori very little can be said about the charges at high
pressures, although it is obvicus that the rate of increase mj

become smaller with increasing pressure. In order to attemp TaBLE 2.
faxperm:lental investigation measure.me.nts were c.arrled oul Light fragment Heavy fragment
increasing values of p up to such a limit that for higher pressu .

: 3 : i s i without with without with
the residual energy of fragments' reaching the 10n1zat10f1 cl:amb absorber | absorber | 4o | Ao | absorber | absorver | g | Ao
would be too small. The resulting curves are shown in Fig . /U y any

. a u u D 0

and 17. It must, however, be noticed that to get the char\? mm| 9, | mm | 9/, ’ m‘in 070 mam 070. a °
corrections must be introduced, since for higher pressures if
necessary to take into account the variation of v and the deviati 931100193 |8 [ 0o | 17 {75 100 71 73 |—5 | 27
from proportionality between e and v. This fact together wi 90 1 100 | 9.6 | 83 | 7 | 17 [ &5 | 100 | 8.3 [ 73 |—2 | 27
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ocity in the chamber caused by the absorber, Aay,,, is de-

mined as Aa‘AaU"Aé]—v,, and should be that part of A«
o

The values of a and therefore of Aq, in Table 2 refer
p=0. da, might have other values at higher pressures, an
therefore further measurements were carried out with the mi
absorber and with rather high pressures. The results of the
experiments as well as of some of those from Figs. 16 and
are given in Table 3. Here Ada denotes the increase of a (
per cent.) which is obtained when p is increased from 32
95 mm of H,, or corresponding values of the other gases, a

ich is caused by the increase of e with pressure, thus 4 ay,,, /,
Ae®,. The mean value of v equals the velocity at the mid-
nt of the path in the deflection chamber; since the magnetic
d is about 2.5 times higher at thé begiuning than at the end
f the path inside the chamber, it might be more correct in stead
the mean velocity to count with a velocity somewhat higher;
s:would slightly increase the values of 4ay,.

. Helium Y . It need hardly be mentioned, that too much stress should

“be laid on the values of Aay,,., since they are not much
6 b side the limits of error. However, as 4e is found to be positive
' ' 40 60 a0 100 mm

all four gases, it may be concluded that g—g is positive, although
P

Hydrogen

+

L 2

20 40 60 80 100 mm
Fig. 17. Deflection vs. pressure in helium and hydrogen.

“The light group of fragments is slowed down by the same
ount in argon at a pressure p as in hydrogen at the pressure
p. If the pressure in the various gases is measured in corres-
Av is the corresponding decrease of the mean velocity in nding units, defined as such pressures giving equal stopping

deflection chamber. Aq, is the increase of a when the m

absorber is interposed, and A4v’is the decrease of the m

o

Wer, gﬁ is, at high pressures, found to be higher for the

ht than for the heavy gases At low pressures, however Ge

TaBLE 3. all gases nearly the same, when p is measured in such unltéD
without absorber with absorber When the pressure of argon is increased from 0 to about
» Ada,\ Av m e increase; from_15.5¢ to 17 ¢, and e, with a similar
mm | velocity ®, | o |dal dv| velocity oy | o | %e | %o unt. From the mentioned measurements at higher pressure
start |mean| end mm, | %/ start jmean| end o only be deduced that the rate of increase of ¢ is smaller at
sher préssures. It may be that the charge becomes practically
H, |324]100] 94 |89 }10.2] .. } .. | 83 | 75} 67 110.0}—2] 19 stant for p = 10 mm. If this is the case the total charge will
95 [100] 80 | 60 |10.9| 7 | 14 lower than the effective charge determined from ionization
e rossliool Lol U lesl . eol—1 surements at about 150—300 min A®. However, if the
90 {1o0| .. 1 .. 96| 5 ease of 3 per cent. for a pressure increase of 20 mm is real,
0, 1129|100} 94 | 87 | 99| .. | .. V83| 76 | 68 é_g ol 18 fg—; goes but slowly against zero, the charges may reach
29 |100| 85 | 70 [10.1]| 2 | 9 lies-equal to those previously obtained for the effective charges.
A 12511000 94 { 88 100 ..} .. 1 83| 76 | 69 110.6 61 18
34 |100| 83 | 66 [10.7{ 7 | 11




