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ABSTRACT

The stopping cross sections of several substances were measured
for protons in the energy range 50 to 600 kev, The substances in=
vestigated were lithium, beryllium, copper, gold, lead, lithium fluor-
ide and calcium fluoride.

Thé energy loss in the substance under investigation was deter-
mined by measuring the incident proton beam energy necessary for a
given outgoing energy before and after a thin evaporated 1ayef of the
substance had been placed in the path of the beam., The areal density
of the layer was accurately determined by.Q?e of two methods: A
chemical analysis or a micro=balance weighing of a known area of the
evaporated deposit, The same layer was used in the energy loss as in
the density determinations. These absolute measurements were made near
350 kev, Relative energy loss measurements were made over the remainder
of the range, and normalized to them, The apparatus was so designed
that the evaporations, weighings and energy loss determinations could

be performed without removing the substance from the vacuum.
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I. INTRODUCTION

Whenevér a charged particle, e.g. a proton, passes through a
substance, it loses a certain fraction of its energy. The stopping cross
section per atom (molecule) as a function of energy, €(E), is, by
definition, equal to -(1/N)(dE/dx), where N is the number of atoms
(molecules) per oo in the stopping material and dE/dx is the energy loss
of the incident particle per cm along its path, With energy in ev, €
will then have the units of ev-cm® (per atom or molecule).% Absoclute
measurements are actual values of €(E). Relative measurements are
ratios of €t!'s for the same linear thickness of substance at different
energies, and are hence independent of N and dx; they depend for their

usefulness on normalization to an absolute measurement at some energy,

The reasons for measuring stopping cross sections have been dis-
cussed many vimes by different authors in introduction to their papers,
and can be found throughout the references listed in this thesis, They

will be briefly reviewed here,

The stopping effect itself, which is due primarily fo collisions
of the incident particle with atomic electrons, is of considerable
theoretical interest. Theoretical expressions for the dependence of €
on energy and on the properties of the interacting particles have been
derived by several authors, notably H. A. Bethe(l) and N, Bohr (2).

Because of the complexity of the atomic systems, however, approximations

# Some authors define the stopping cross section as the energy loss
per mg/cm2 of stopping material, In these units, € increases
with diminishing atomic weight, while the opposite is true in our
units,
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have been made which restrict their applicability. These formulas
gradually lose their validity as one considers lower energy ranges,
Near 500 kev only fair agreement between theory and experiment is
achieved, while below 200 kev, the stopping mechanism is understood
qualitatively only. This lower range, between 50 and 600 kev, is the

one investigated experimentally in this work,

Quite apart from their theoretical interest, stopping cross
sections have had an important use in experimental nuclear physics since
the very earliest days when range~-energy measurements, the intégral form
of the €(E) function, were used to determine particle energies from
their ranges, More recently, the differential form dE/dx has supplanted
the range~energy curve in interest in %gporatories working on accurate
determinations of nuclear reaction rates and energies, Briefly, the
importance of dE/dx arises from the fact that an experimental measurement
of a reaction rate determines the yield from a thickness of target dx
containing Ndx atoms, and it is necessary to know Ndx in order to cal-
culate the quantity of interest, the rBaction rate per target nucleus,
(The reason for this range dx is usually the finite resolution of the
detecting apparatus,) The thickness dx is often of the order of 10'5 cn
or less, and is consequently difficult to measure, Furthermore, it is
not always certain that N, the number of atoms per em3 in a layer of
material only a few hundred or thousand atoms thick, is the same as in
the material in large quantities., Both of these difficulties can be
avoided if the stopping cross section (1/N)dE/dx is known for the
target being studied, since dE can be measured readily by several direct

methods, or can be determined indirectly from thick target yields.



In recent years, therefore, the principal incentive for the study
of stopping cross sections has come from their usefulness in interpreting

nuclear reaction data,.

The extensive work which has been done on proton stopping cross
sections, both theoretically and experimentally, has been thoroughly
summarized to June 1953 in a recent review article by Allison and
Warshaw(3). A comprehensive bibliography is included in their article.
The experimental work to date on the substances of interest in this
thesis will be briefly reviewed here together with some discussion of
the reasons for this interest, These substances are lithium, beryllium,

copper, gold, lead, lithium fluoride and calcium fluoride,

Lithium targets have been widely used in nuclear physics, and
the‘acguracy of the computed reactiog/cross secticons has in many cases
been limited by the uncertainty in the stopping cross section of this
metal for the incident particle. The energy loss of charged particle
in lithium was first investigated in 1928 by Rosenblum(b) who used
«~particles of 3 to 9 Mev, This was the only absolute determination of
€ (1i) until the present work., Rosenblum used the following ingénious
method to determine the limear thickness of the lithium: The target was
made by compression between two accurately machined flat surfaces with
a lead spacer. A jet of argon was directed on the 1ithium during this
operation to preveni oxidation or other contamination, and the compressed
lithium sheet was quickly placed in the vacuum system. The lead spacer
thickness was then measured with a micrometer. An overall accuracy of

10% was claimed,
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Relative measurements have been made by Haworth and King(s), and
by'Warters(é):(7). These were normalized at 950 kev by Warters, who
assuned the validity of Bethe's formulall) €(E) = (2/E) log (bE/I),
where a, b are constants depending on the masses and charges involved,
(see sect, IV}, E is the energy at which the determination is made, and
I is an average ionization potential of the stopping substance indepen—
dent of the incident particle. The value of I used by wartefs (32 ev)
was calculated by Mano(8) from Rosenblum's data, Unfortunately, the
formula does not hold well at low energies, and even for o=particles
from 3 to 9 Mev, a calculation of the parameter I from Rosenblum's data

does not yield the same value for different energies (see sect. IV).

Like lithium, beryllium is a much investigated substance in huclear
physics, and the accuracy of the experimental results is often limited
by the uncertainty in €(Be), Beryklium was investigated between 30 and
500 kev by warshaw(9). His results do not continue very smoothly the
higher energy curves obtained by'Madsen(lo), Kahn(ll), and Kadsen and
Venkateswarlu(12), which show less than 5% discrepancies among themselves
(fig. 13)e Work now in progress by F. Mozer of this labofatory is in
agreement with the above high energy data when normalized to it (only
relative measurements were made by Mr, Mozer.) But those results are
then 15% above Warshaw's from 200 to LOO kev, where the measurements
overlap. Warshaw's normalization depended on a spectro-chemical analysis
of a known area of foil, His main difficulty was to obtain a large

enough area of thin Be foil for an accurate measurement,

As mentioned above, the stopping cross section of the target is

related, in yield measurements, to the characteristics of the detecting
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apparatus, Scattering of protons from copper has been frequently used

as a means of calibrating the solid angle and energy resolution of such
apparatus, and this is the primary experimental importance of an accurate
knowledge of €(Cu). The previous measurements on copper show consider-
able disagreement between different observers, Madsen's data(10) is 102
below that of the Ohio State group(13)s(1h), which in turn is 4% below
Kahn's(11) (fige 15). The slopes are in good agreement, and fhe dis-
crepancies in normalization are atiributed to non-uniformity of the foils
used, Madsen used commercial rolled foils, and their thickness was de~
termined by weighing of a large area of foil; the transmission'experiments
could have taken place in a part of the foil of thickness different'from

the average,

The experimental situation for gold is worse than for copper,
Different observers(9),(10),(11),(15) regort points as much as 15% apart
in normalization, and with considerable spread about their individual
mean curves (fig. 17). Here again, the non-uniformity of cbmmercial foils
is blamed., Work just ccmpleted by the Ohio State group(lh) has made use
of a weighing of evaporated deposit method akin to that described further
in this work. Their results lie about 1l4% above an average curﬁe drawn
through the previous observers! points. The interest in gold foils stems

primarily from their widespread use in slowing down charged particles,

The only data on lead at low energies comes from Chio State(lh),
and Rosenblum(b) gives O(=particle data from 3 to 9 Mev. Lead was ine
vestigated to obtain additional data in the region of high atomic

numbers.



=G

Calcium fluoride and lithium fluoride have not been previously
investigated. Their current interest arises primarily from their use
as fluorine targets., In the absence of experimental values of €, inter-
polations have been made between neighboring elements, and molecular
stopping cross sections assumed to be the sum of the atomic aross séctions.
This procedure is somewhat questionable, especially at low energies(this

is discussed in detail in section IV).

The present work was therefore undertaken to provide additional
and more accurate data below 600 kev and help resclve some of the exist-
ing discrepancies, Several refinements and improvements were introduced
on the weighing method of determining areal densities, In particular,
the weighing apparatus was designed a) with a greater sensitivity required
because of the thinner foils used at low energies and b) so as to allow
the complete operation, from first welgh\ng through energy loss measure-
ment to final weighing, to be performed in wvacuwo, without opening the
target chamber, While the vacuum operation was of course éssential for
lithium, it was found of little importance in other cases. An additional
method was used for lithium, involving a chemical determination of the

depésit thickness, Both absolute and relative measurements were made,

The general principles and experimental procedure of this work
will be described in part II, leaving out selected special techniques
and apparatus to be treated at greater length in part III. The results
will be presented in tabular form and graphically. A discussion will

be given in part IV and a summary of errors in part V,
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1T, EXPERIMENTAL METHOD

1. Absolute Measurements

The proton beam from the 600 kev electrostatic generator passed
through an electrostatic analyzer into the target chamber, where it was
scattered by a gold target into a magnetic spectrometer. The particles
were then detected and counted by a scintillation counter. The magnetic
field was held fixed, When the number of counts in such an experiment
is plotted as a function of the energy of the beam frcm the analyzer, a
step curve results with a sharp leading edge and a flat top (fige 1)

If a foil is now placed in the way of the beam, between the target and

the spectrometer, the step will appear at a higher energy. The differ-
ence between these two energies is then clearly the energy lost in the
foilj; and when the substance to be investigated is evaporated on the foil,
the additional energy required of the scattered beam, in order to go
through the foil and be accepted by the spectirometer, is the energy loss
in the substance. A typical set of such step curves is shéwn in fige. 1.
It is worthwhile to note that, with this method, the exact thickness of
the supporting foils need not be known. These supporting foils had to

he uSed because of the difficulty of obtaining thin enough uniform self=-

supporting foils of the substances of interest.

These energy losses as measured by analyzer setiings must of
course be corrected by a constant multiplying factor which takes into
account the difference in energy between the incident and scattered beam,

A simple calculation based on the momentum and energy conservation laws



vields:
2
E, 1y A XS R - 1/2 -
B =g cos 8 =\ o4 2 cos” @ (11-1)

where Eg/El is the ratio of scatiered to incident energy, Mo.is the mass
of the target nucleus (assumed at rest initially), My is the mass of the
incident particle, M = My + My, and & is the scattering angle in the
laboratory. Eg/El is evidently a fixed guantity throughout a measurement,

since only the energy E; is varied,

With this technique as a base, three somewhat different experiments
were performed, depending on the method used to measure the areal density

of the substance under invedigation.

a) Lithium: An aluminum foil (see fig. 2) was placed immediately behind
a 0,250" hole in the center of a 5 mil tantalum sheet of ab§ut 2 by b
inches, The exposed area of tantalum was defined by a carefully assembled
square steel frame of accurately known dimensions. .This assembly was
mounted on a system of lever arms which allowed a2 lateral motion of about
two inches; the tantalum sheet was put in a vertical plane near the en-
trance to the spectrometer, The lithium furnace was diamétrically op-
posite in the target chamber. The target was of 1/2" round brass stock,
with two flats milled 180° apart; it could be raised out of the way and
rotated through an O-ring seal without disturbing the vacuum, A thick
evaporated gold layer was present on the immer flat, as shown in the

figure, where the target is in the "out of the way" or "evaporating®
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position., A removable Shield, plaéed immediately in front of the furnace,
permitted lengthy preliminary out-gassing. Pressures during evaporation

were held below 10"LI mm of Hg,

The experiment then proceeded as follows. The position of;fhe
gold step was first measured with the foil in the way of the scattered
beam, The target was raised, lithium was evaporated and the new position
of the gold step was determined with the targep back in scatiering posi-

tion (fig. 1).

Before re-opening the target chamber, the following experiment
was performed to determine the amount of impurities, if any, in thé evapora~
ted lithium. The entire tantalum and aluminum foil assembly was swung
out of the.way,nand the outer flat\ef the target, now covered wiﬁh lithium,
was_exposed to the beam, In accordance with eq, II-1l, with Ep fixed by
the setting of the spectrometer and o kept constant (here 900),»thev
energy Ellat'which particles are counted depends on the mass of the
scattering nucleus. Thus a plot of the number of counts vérsus Ey is
expected to show ﬁhét nuclei are present in the target.® 4 negligible
surface contamination of oxygen was found in this way (fig.'B), és well
as é négligible amount of carbon, which increased with bombardment time
and was probably altogether absent on the foil. As can be estimated
from the figure, the aggregate thickness of contaminants ﬁas under 0,25

kev, while the lithium layer was 100 kev thick,

# This technique of surface analysis was first described by Snyder,
et al. (17), ,



Argon was lel into the target chamber instead of air, and the
tantalum collector was placed in a clean beaker with distilled water,
care being(taken not to lose any lithium or contaminate the collector
by handling, The argon was used as a precauvtion to prevent a loss of
lithium from the collector during the sudden heating which occurs when
the exposure to air and resulting lithium oxidation are less gradual,
The hydroxide was titrated (see sect, V) against a standard éolution of
HC1 (obtained from the Braun Corporation, Los Angeles; they claim 0,29
accuracy in their standardization), Thus, the total amount of lithium

on the collector was determined,

In order to determine the density of the lithium at the center,
where the transmission experiment took place, it was assumed that the
evaporation took place in straight line§ from a small source (the 1/8"
exit hole of the furnace; see section III, part 4). The furnace exit
hole was carefully aligned horizontally with the aluminum foil (fig.2),
and the distance between them accurately measured with an inside micro-
meter; this distance was made as large as possible to minimize the
amount of variation of the density across the collec¢tor, The further
assumption was made that the evaporation process could be treated as

the effusion of a gas through a small hole into a vacuum,

On the basis of these assumptions (see checks below), the geo=-
metrical corrections are calculated as follows, The amount of deposit
dI on a small area dxdy of the collector will be proportional to dxdy
and to the furnace exit hole area, both projected on a plane perpen=-
dicular to the direction of the lithium beam to that point; and inversely

proportional to the square of the distance r between dxdy and the furnace



exit hole, We have therefore

2
dI:k—d—’C-z-qx-cosz‘P=k ?R g’“i
r (R"+ x

x dy -
=53 (11-2)
+y7)

where R (see fig. L) is the perpendicular distance from the furnace to
the collector, ¥ is the angle between R and r, and k is a proportion-
ality constant. If the dimensions of the collector are 2a by 2b, and

the source is aligned with the center of the collector, the total deposit
will be given by

| a (b
I= 4kR2 - q;édyz 5
(R™+ x™+v")
‘ o Yo —

(1I-3)

an

2k | =B g B D tan ™t —B——
VR?+ &2 VB o2 VE?: 12 VE?s b2

From this we must subtract the amount which went through ithe center
hole, of area A, in the collector, With A small and R large, cos¥ =1
apd.stﬁ so that this amount will be quite accurately given by kA/Rz.
Since the aluminum foil was a small distance s behind the collector,
the area B over which the lithium was spread is given by A(R&S)Z/RZ.

We have then as a final formula for the area density of deposit on the foil

k&/Rz
= D I1I-4
/J B (I - kA/RP) ( )



where D is the actual amount of deposit on the collector as measured by
the titration, It is seen from the equation for I (II-3) that the con-
stant k cancels out of the equation for*/D(II-h). Since the geometry

was not exactly reproducible from one experiment to the next, the quite

cumbersome computation of the parameters in eq. II-L was repeated each time,

In order to check the validity of eq. II-3, several evaporations
were made in an evacuated bell jar, with approximately the same geometry
as in the target chamber. The collecting foil was however split into
three strips, so that each one could be chemically analyzed separately.,
Evaporations were made with the strips lined up vertically and also hori-
zontally, The ratios of the amount of deposit on each of the side strips
A and B to that on the center strip C were measured for various furnace
to foil distances and compared with the predictions of eq. IT-3. The
results are shown in figure 5, from which we see that there is a dis-
crepancy of about 2% at R = 5 inches., The error involved was actually
not that large because the total exposed area was larger in:the bell jar
than in the target chamber, A correction amounting to 1.,5% was therefore
adopted and applied to the final results on the basis of these experi-

mental checks,

The assumption of line of sight evaporation was borne out by the
sharp shadows of objects in the target chamber; for the same reason,
it was not thought that the lithium atoms rebounded from several surfaces
before settling down. The gaseous effusion type of evaporation from
the furnace assumes that the mean free path of the particles is large
compared to the diameter of the exit hole, An order of magnitude cal-

culation gave a mean free path of 102 to 103 cm, while the hole diameter



was 0,32 cm., The above 27 discrepancy was finally explained by the ob=
servation that if the edges of the exit hole had a finite thickness,

the evaporation would be greater in the forward direction, which is pre=
cisely what was observed. An analytical computation of this effect was
algebraically prohibitive because of the geometry involved, bﬁt an;order
of magnitude estimate based on a square exit hole gave a correction in

agreement with that found experimentally.

The stopping cross-section of lithium was also measured by the

micro~weighing method &scribed in part c¢) below,

b) Beryllium: An evaporated berylliumfoil of approximate areél dgnsity
0.2 mg/cm2 * was mounted on a movable holder so designed (see section

ITI, part 3) thét’the foil could be reproducibly placed in diffefent
positions with respect to the scattered proton beam. To determine the
energy loss in this foil, the position of {the gold step was altérnately
measured with the foil in and out of the scattered beam., This operation
was repeated for a series of spectrometer settings, thus yiélding energy
losses at differeﬁirmean energies., The energy thickness was also measured
at five different spots on the foil by changing the foil holder ﬁosition.'
Less than 1% variation was found in four cases; the fifth measurement

was discovered to have been located on a visibly damaged portion of the
foil, The beryllium was then placed in the target positibn, and scatter-
ing was observed from both sides of it to determine the amount of impurity
present, Surface contaminations of oxygen, carbon and a heavier element

were found (fig. 6), with an aggregate energy thickness of at most 3% of

# We are indebted to Professor Bradner, of the University of Califormia,
who supplied us with several such foils, '
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the total energy loss in the foil. The amount of this heavier element,
as can be seen from the figure, was too small to determine its nature,
Tts atomic weight was 25 * 5. The thickness of the impurities was de-
termined from the half-width of the peaks in figure 6, This is clearly
an over-estimate, since it can be seen from the heights of these peaks
that their width was really less than the resolution of the spectrometer,

As we shall see later, acloser analysis was not necessary,

An accurately knownarea of the foil was obtained by putting it
on a flat piece of glass and brushing the beryllium away around a 3/
inch diameter brass rod held gently but firmly on top of it. The beryl-
lium disk so obtained did not stick to the end of the rod, but was broken
into several pieces., These pieces were weighed on the micro-balance de-
scribed in section III, part 1. It is estimated that less than 0.5% of
the foil was lost and not weighed because of its being broken up into

fine beryllium dust.

The correction for contamination can be calculated as follows,

By definition,

e k. G _Acos 8 U
€= & =~ n, W AE (II-5)

where € has been expressed in terms of the guantities acﬁually measured
in the laboratory: A& is the area of the foil; W is its weight; M is its
atomic weight; & is the angle between the proton beam and the perpendi-
cular to the foil; AE is the energy loss; and Ny is Avogadro's number,
We may now take the contaminant to be exclusively oxygen., This is

approximately true, and furthermore oxygen makes a good average, for
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our purposes, between carbon and the heavier contaminant, We then have

€ (uncorrected) = méﬁg%g_@_ 1(Be
To

) AE(Be) + AL(0)
W(Be) + W(0)

L cos 8 _1(Be) AE(Be) _1 +AE(0)/AE(Be)
A t(Be) 1+ (0)/M(Be)

1 +AE(0)AE(Be) ' ‘
€(Be) . AE(O)LM(S) € (Be (11-6)
AE(Be) I(Be) €(0

€ (uncorrected)

In the denominator of the above equation, we take, at 350 kev,

€(Be) = 6,50 x 10'*5(1 5%) ev=crm® (uncorrected value); €(0) =

11.0x 10"15(1 3%) ev-cm? (from reference 2li); and AE(O)/AE(Be) = 0,03

(experimental,) With these figures, one gets € (uncorrected)

(1,000  0.003) €(Be). No correction was therefore indicated,

c) Cu, Au, Pb, Li, LiF, CaFp: These substances were investigated by

a third technioque, whose description follows. A quartz fiber nicro-
balance, installed in the vacuum sysiem, was first calibraﬁed and an
alumirum foil was ﬁeighed according to the procedure described in section
ITI. The gold step position was measured first without foil, then with
the foil hooked in position behind ashield with a defining hole(sect.
IIT, and fig. 7). The gold target was lowered into a brass tube serving
as a shield to keep the scattering surface clean, much asvin figure 2,
and the substance to be investigated was evaporated onic the foil., A
system of shields protected all parts of the apparatus connected with
the weighing within the target chamber, The displaced position of the
gold step was observed, then the foil moved cubt of the scattered beam

and the gold step location again determined., The foil was weighed anew



to determine the amount of deposit, and the balance was recalibrated,

The pdsitions of the gold step without foil before and after
the transmission experiment showed a variation which never exceeded 2%
of the energy loss in the foil, This was taken into account in the
following way in the calculation of AE: Suppose that, in a given in-
stance, the clean gold step had moved 2$~kev higher; then the position
of the step through the clean foil, taken at nearly the same time as
the first gold step, was corrected by an amount +¢§; and the position
of the step through the foil and deposit, taken at the time of the second
gold step, was corrected by -¢§; a probable error of gywas then assigned
to AE; Most of the shifting was disposed of in the later days of the
experiment by a) overhauling the analyzer, whose plates were heavily
covered with an insulating layer of pump oil, and b) using a more sen-

sitive galvanometer to detect spectrometer setiing fluctuations,

The area cf the deposit was defined by the accurately punched
hole in the foil holder (sect. III, and fig. 7). A correcﬁion was applied
because of the gap between the foil and\the shield; this was minimized
by keeping the gap small and the distance to the furnace as large as
feasible, The correction then amcunted to 2% or less of the area, and
was itself known to better than 207, In the cases of copper and gold,
a more accurate determination was made by measuring the diameter of the
deposit by means of a traveling microscope., No difference was found
between this and the geometrical estimate. LiF and CaFp layers were
net visible on top of the aluminum foil as background, so that the micro-
scope method could not be used; neither could it be used for lithium,

as the foils did not withstand the oxidation of the lithium upon contact
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with air. Lead was evaporated outside the target chamber, for reasons
explained in section III, part L, and the foil was kept immediately

behind the defining hole,

Liquid nitrogen cold traps were used as part of the pumping systenm,
to condense oil vapors from the diffusion pumps as well as residual gases
in the target chamber. On many occasions these cold traps had to be
warmed up and the target chamber opened in the course of an experiment,
The substances Cu, Au, Pb and CaFp exhibited no change of weight or
energy thickness in the course of such an operation, Consideréble
confidence was picked up from these incidental measurements, and in the
later days of the experiment the weighings were done in air rather than
vacuum in order tq save time, No disagreements with previous deter-

minations were observed.

In all three methods discussed above, the energy to which the
measurements pertained was taken as the average of the incident and
outgoing energies in the substance as measured by the gold step positions,
The validity of this assignment has been discussed in many of the refer-
ences listed, in particular in some detdil in Allison and Warshaw's

review article(3). They show that

1 ar)?
48 ¥R

E(actval) = E(average) [1 + (I1-7)
provided € is proporiional to E'l/z, which is a good approximation near
350 kev, where these absclute measurements were made. Since the energy
losses were at most half of the total energy, and usually a third to a

fifth, no corrections were made,



At least two and usually three or four determinations of absolute

€'s were made for each substance. The results are listed in table I,

2. Relative Measurements

Three different techniques were used tc make relative measure-
ments, their individual applicability depending on the atomic weight of
the substance under investigation and on its availability in sufficiently
thin self-supporting foils: a) gold step positions with a self-support-
ing foil in and out of the scattered beam; b) gold step positibns as seen
with an aluminum foil in the beam, and then with that same foil and a thin
evaporated layer of the substance desired; and ¢) gold steps as seen through
a thin deposit made right on the gold target. Two steps are of course
taken at each spectrometer setting; one with and one without the layer

of investigated substance,

a) Beryllium and Gold: Since the energy loss in the beryllium foil

used for the absolute measurement was determined for various spectro=-
meter settings, a series of absolute values were obtained.‘ It must be
pointed out, howewver, that they all depended on a single density deter-
minatione, It might be better therefore to consider that only one absolute
value was obtained (and this can be taken at any of the points) and that
the remaining points are relative measurements normalized to the chosen
one, Because of the thickness of the available foils, this was only
carried down to 180 kev (in the range 50 to 250 kev, values were obtained

as described in part c below).

The same method was used for gold, except that the foil was not
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used for normalization, and that it was thin enough to go down to 50 kev,

The préparation of thin metallic foils by evaporation on plate
glass and subsequent floating on distilled waler has been described by
warshaw(18), Wnile this method is adequate for work above about 200 kev,
attempts to obtain thin enough foils for work at lower energies were un-
successful for Au, Pb and Cu (see sect. III, part 2)., This is why a
commercial hammered foil of gold was used, Since the same spot was used
 for all transmission, and the fcil was not used for normalization, it

was felt that reliable values were obtained.

b) Copper and Lead: Relative values for copper and lead were obtained

by first measuring the energy loss of the beam in an aluminum foil at
a series of spectrometer field settings. This was repeated for these
same setlings after a layer of substance was deposited on the foile.
This method intrcduced an additional uncertainty, that of the réproe
ducibility of the spectrometer settings over long periods of time, A
drift was observed which amounted to as much as 3% of the energy loss
in the substance o&ef a period of about eight hours, the time required
for such an experiment. A correction was made in the marmer described

above (part 1l(c) of this section},

c) Li, Be, LiF and CaF2: For these remaining substances, containing

only elements of atomic weight much lower than that of gold, a more
accurate procedure could be followed, A thin 1§¥er of the substance
was evaporated directly on the gold target, and the resulting displace-
ment of the step was measured for a series of spectrometer settings

and the same spot on the deposit, An additional clean gold target was

available, and the two were alternately used at each setting so that



no long periods of time elapsed between related measurements, thus making
negligible the drifting mentioned in the previous paragravh. The linear
thickness constancy of the layer of deposii was monitored by returning

to a previous setting. In a few cases where an increase in thickness,
attributed to deposited pump oil, was observed, a new spot on the target
was used, Measurements were then continued, making sure that an extra
one or two were taken which overlapped the previous set, so that the new

spot did not have to be assumed of the same thickness as the discarded one.

What makes this method work is that the scattering from-a light
nucleus requires a much larger incident energy for acceptance into the
spectrometer than does scattering from gold (see eq, II-1); this means
that, with thin enough deposits, counts from the deposit layer did.not
appear until after the flat gold top was reached., Furthermore, in ac-
cordance with the well known Rutherford law, the scattering cross section
is lowered by the square of the ratio of the atomic number of the light
nucleus to that of gold., Hence these additional counts, even in the worst
case, when calcium was on the target, amounted only to (20/79)2 = 0,064
of the counts from gold (other factors entering in the toﬁal yield
approximately cancel out). This means that, for all but CaFp, the
thickness of deposit was not critical as far as the resolution of the
gold step was ccncerned, Copper presented a special problem in that
a layer thin enough for the above precedure was too thin to measure -
accurately. A typical curve obtained with a layer of copper of about
8 kev on a gold target is illustrated in figure 8, It is easily seen
from this figure that the counting rate from the copper (which starts

near 92 kev) is superposed on that from the gold (which starts near 99 kev),



-2 -

so that the mid-point of the gold step camnot be accurately determined,

Hence the method was not applicable o copper.

The energy of the measurement, in this last method, cannot be
taken as a simple average, as in the foil transmission experimenté;

The formula to be used here has been derived in some detail by‘Wénzel(l9)

—r———

who gives: . :
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where dEo is obtained from eq. IT-1;
a8y

Ea 1is the incident energy for acceptance of the scattered beam
by the spectrometer at a given field setting; |

AEa = Ea - Eao, Eao being the incident energy on clean géld for
the same spectrometer setting;

61, 8o are the angles at which the beam is incident and scattered,
respectively, from the target, and are measured from the

outward normal to the target,

The assumption made in deriving eq, II-8 is that the stopping
cross section varies linearly with energy over the range Eao to Ea,

The thicknesses of the deposits used for these relative measurements
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were kept near 10 kev, This procedure justified the use of eq. II-8,
and eliminated the need for a more accurate a priori knowledge of the

energy dependence of €,

In this experiment the scattering angle was set at 1659, the
maximum obtainable with the apparatus, in order to increase the energy
separation of the protons scattered from different nuclei (eq. II-1).
The target was perpendicular to the incident beam, so that 89 = 0° and
©2 = 15°, From formula II-8, we get for this case, with protons in-
cident on gold,

E = (.9898L) Ea - (<492LL) AEa

(oL9740) Ea &+ (.L92LL) Eao

[

(11-8a)

which is seen to be lower than 1/2 (Ea + Eao) by about 1%,
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ITI. SPECIAL APPARATUS AND TECHNIQUES

1., The HMicro-bBalance And Its Calibration

A fairly uniform quariz fiber, 4" in length and 0,002" in diameter,
was obtained by heating a quariz rod over an oxy-acetylene flame and
pulling quickly with the heat removed, One end of the fiber was then
bent back, thus forming a hook., The other end was firmly held between
two lead washers screwed against the flat head of a 1/L=28 bolt. Lead
was used because a harder material, such as brass or steel, was found to
break the fiber when pressure was applied., The reproducibility of the
results obtained (see below) indicated that lead was not too soft to hold
the fiber firmly in place when a weight was placed on the hooked end,

The fiber ﬁas aluminized (by evaporation in vacuo of aluminum onto it)
in order to render it readily visible (the original purpose was to make
it electrically conducting, but this was eventually not needed;.see the

discussion of the foil holder below),.

A 3/8" steel shaft entered the target chamber horizontally through
an O=-ring, about one inch above and parallel to the incoming proton beam
(fige 7)s Collars were set so that the shaft could rotate but not move
in and out, On the outside end, a dial with a vernier was attached so
that the angular displacement of the shaft from an arbitrary zero could
be read to plus or minus one minute, The bolt holding the quartz fiber
was then screwed to the end of the shaft inside the vacuum chamber, The
dimensions were so adjusted that The fiber, when horizontal, extended
from the center of the target chamber to within 1/2 to 3/L of an inch of

the wall (the inside radius of the chamber was 3~5/8"),
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A 5% mirror was mounted near the hook of the fiber, so that, when
viewed vertically through the lucite top of the target chamber, the ver-
tical motions of the hook appeared horizontal, This was actually viewed
through a telescope fixed in position outside the chamber, When a’bright
light (100 watts) was shone on the fiber at a proper angle, the hook
could be easily seen through the telescope; the visibility was better
with a bright background which was obtained by using a coppef lining on

the walls of the chamber,

A welghing operation then consisted in hooking the unknown mass
on the fiber and bringing the image of the end of thghook in coincidence
with a fixed cross-~hair in the telescope by rotating the shaft. Extreme
care, of course, had to be exercised in all handling of the fiber (an

ample supply of spare ones is recommended, )

The standard weights were made of 2,5 mil Kovar wire, A 20%
length was accurately measured and weighed to % 0,05 mg on an analytical
balance, It was then cut under a magnifying glass into smailer lengths
known to % 0,02", The density of the wire was 0.6235 mg/inch, and weights
were for convenience measured in inches of wire., The quartz fiber was
calibrated every quarter of an inch, and a linear interpolation made be-
tween the points., The validity of this procedure is borne out by the
high degree of linearity of the calibration curves, one of which is
reproduced in figure 9, Several sets of standard weights were prepared
and checked against each other; they were also checked by addition, i.e.,
weighing a 5" length and then a 2 and a 3" length together., The readings
were reproducible to within one minute, which was the limit of accuracy

of the dial, With a sensitivity of, typically, 385 min/mg (2.60/ug/min),
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this meant an accuracy of 0.2% for a 3% weight, which was the smallest
length used, The standards were frequently washed in acetone and handled

with brass tweezers only.

In an actual experiment, a measurement was first made with a foil
on the hook. Then three or four calibration poinits were taken, covering
the range in which the foil lay., Then the foil was weighed again to
check that nothing had changed. Each measurement actually consisted of
an average of three or four re-settings of the hook image in coincidence
with the cross-hair; the spread in these individual settings wés usually

2, sometimes 3 minutes,

A constant shift in the calibration was observed when the target
chamber waé evacuated, This shift was reproducible, the original readings
being restored when air was let in., Neither an optical nor a buoyancy
effect could account for it - these were both neglipgible, The Shift was
however quité constant, so that it did not affect weight differences.

It was not until after all data had been taken that the source of the
trouble was discoféred. It lay in a mechanical springing apart of the
two ﬁalves of the target chamber. The accuracy of the procedure was not
affected, in view of the constancy and reproducibility of the effect.,

The way to get rid of it would have been to mount all parts of the micro-
balance on the top half of the target chamber (which would have been
feasible, though cumbersome). The fiber was recalibrated at the time

of each separate weighing, A shift in calibration was found in a few

cases where the fiber had been subjected to severe heating under load.
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2. The Aluminum Foils

The reéuirements on the aluminum foils were: a) an area of at
least 1 cm23 in order for a thin deposit to have sufficient weight to be
measured accurately; b) a weight not exceeding a few milligrams, asfthe
deposit itself was to weigh 1/2 to 1 mg; and ¢) an energy thickness not
exceeding about 10 kev at 350 kev, in order to minimize straggling and
loss of particles. In addition, the foils had to withstand 1) a fair
~ amount of handling in the weighing process and in the process of hooking
behind the holder (see part 3 below); and 2) a large amount of.heating
during the evaporation of the substances investigated., TFoils satisfactorily

meeting these requirements were made as follows,

Aluminum fings of inner and outer diameters O0,LLO" and 0,625% were
punched out of 1/L mil commercial foil. A special punch was designed and
machined to 0,001" tolerances, These rings served as frames to ﬁold,the
thin aluminum‘foils. Four 1/2" holes were drilled in each'gf several brass
plates 1/8" thick, The rings were approximately centered on the holes,
and held in place 5y a minute drop of Duco cement near one edge of the plate,
This was then immersed in a pan filled with water, leading with the edge on
which tﬁe cement drops were. This procedure prevented the rings from
floating up to the surface and kept them centered on the holes, while at
the same time little enough cement was used so that they could be later

cut loose without too much difficulty.

A mixture of Duco cement and amyl acetate was prepared, TWhen a
drop of this was allowed to fall on the water, it formed a thin film which
could be further spread with a wooden stick to an area 6 by 6" approxi-

mately. The thickness depended on the proportions of cement and acetate
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used and was not vefy critical. The film was lifted out of the water by
the brass plate with the rings, care being taken 1) to trim the film
around the plate before removing from the water else it would curl aﬁd
fold over once out of the water and 2) to lead edgewise and slowly out |

of the water, else the surface tension would break the film,

When dry, the plate was pubt in a bell jar with the ring and film
side about five inches above a tungsten filament, The bell jar was slowly
evacuated, and shavings of 2-S aluminum were evaporated from the filament,
The evaporation was stopped as soon as the glowing filament (arbund 700°C)
was no longer visible through the foils, In order to dissolve the cement
£ilm, the back side was covered with a few drops of acetone with the foils
still on the brass plate. The foils were cut loose from the plate By
gently prying around the edges with a razor blade. Once loose, they were
held by one edge with brass tongs and dipped for 10 to 15 seconds in

acetone to remove any residual film of cement,

Only 15 to 20% of the foils came through these operafions undamaged,
The survivors wereihowever surprisingly sturdy. They were stored in a
box and could lie on top of one another without being hurt, and.tﬁay sel-
dom broke during the subsequent handling (great care being taken, of
course, to touch only the ring and not the center foil, and to keep away

from strong drafts).

A quartz hook was made as for the micro-balance, but only about
1-1/k" long and of somewhat smaller diameter to reduce weight, This was
cemented to each foil with a minute drop of Duco to provide a means for

hooking on to the balance fiber, A 1" length of quartz fiber was
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cemented diametrically opposite and perpendicularly to the hook; its

purpose will be explained in the next section.

Complete with hook and cross-bar, the foils weighed around 3451
(2.2 mg)e Their energy thickness was 10 to 12 kev at 300 kev.. Théy were
checked for weight constancy under severe heating by exposing them to a
hoi tungsten filament for up to three hours., They were also checked
after overnight stays in the vacuum sysitem., No changes in weight were

ever observed,

Attempts to make foils of copper and gold by the methodzjust
described for aluminum proved unsuccessful. While the aluminum foils were
somewhat wrinkled before the removal of the cement f£ilm, Cu and Au evapora-
ted deposits seemed to stretch the film and put it under great tension,
This made the handling of these foils very difficult, and no adequate way

was found to remove the cement film,

3. The Foil Holder

During the iransmission experiment and the evaporation process,
the foil was held quite stationary in back of a shield with an apérture
defining the exposed area, This was done with the foil remaining hooked
on the balance fiber, and in such a way that the whole assembly could be
moved in and out of the way of the beam and the foil released at will for

weighing, without disturbing the vacuum in the system,

A thin copper plate (1-1/2" x 2-3/L" x 1/32%) with an accurately
punched hole (0.4375" dia,) served as the shield, It was mounted ver-
tically on a horizontal lever arm extending about six inches diagonally

across the bottom of the target chamber (fig., 7). This arm ended in
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the rack part of a pinion-and-rack arrangement, the pinion being actuated
from outside through an O-ring seal, The shaft for the pinion came through
a plug in the bottom of the target chamber; this plug made an O-ring seal
with the chamber and could be easily rotated., The shield, then, could be
moved at will along the direction of the lever arm, and along'an afc

perpendicular to it,

Two small wire hooks were mounted, one on each side and at the
bottom of the defining hole (fig. 7)e With some juggling along the several
degrees of freedom available, and a fair amount of patience, tﬁe cross bar
at the bottom of the foil could be slipped under these wire‘hooks,lwith
the foil hanging from the balance fiber through which some tension was

then applied,

Another method of holding the foil was attempted but was never
entirely satisfactory. It contains several points of sufficienﬁ interest,
however, to warrant a brief discussion here. The idea was to hold the
foil against the shield by electrostatic atiraction, All fibers were
aluminized, and tﬁe cemented spot between the foil and its hook was painted
over with a minute amount of aquadag. A lucite bolt on the'balaﬁce shafti
and a iucite plug for the pinion provided the necessary insulation,
Several insulators were tried on the shield, a thin coating of glyptal
clear varnish being found best., Adequate atiraction was thained with a
300 volt battery, but repulsion was very unpredictable, At one time, up
to 900 volts failed tc do thé job, at which point sparking occurred be=
tween the shield system and the balance fiber, Another difficulty was
that the thin part of the foil (as apposed to the ring) sﬁuck very tightly
to any material on which it had been pressed, and often the ring came

loose but the foil was tTormn,



L. Evaporation Techniques

The fufnaces or filaments had to be sufficiently removed from the
foils so that the deposits could be assumed uniform over 1 cm2, and so
that the foils did not get over-heated., Altogether, the requirement for
this experiment was a line of sight evaporation in the horizontal direction
of about one gram of substance., While evaporation techniques have been
previously investigated(20>ﬁ<21) for many substances, our special re=-

quirements necessitated many modifications and innovations,

a) Lithium: In small amounts, this metal can be evaporated from a
cubical 3 mil tantalum box with a small hole in one wall., The box is
heated by conduction of current., Larger amounts of lithium short out the
furnace, sd that an impractical amount of current is required., 1In this
experiment the furnace used was a cylindrical box of stainless steel, of
dizmeter 3/Li", height 7/8", and wall thickness 3/6L". Near the.l/8" exit
hole in its side, the wall was 1/6L" thick. There was a tightly fitﬁing
lid, A 3 or 5 mil tantalum sheet was wrapped around this ﬁox; the tube
thus formed by the tantalum extended one to two inches beyond the furnace
at each end, The ends of this tubing were clamped to copper electrodes,
The heating wag then accomplished by passing current through the system,
The success of this method was attributed in part to the large heating
effect in the empty ends of the tantalum tubing which preﬁented the heai
from being carried away by conduction from the furnace; and in part to
the fact that molien lithium does not wet steel as readily as it wetls
tantalum, and hence does not run up the walls and short out the furnace,
b large amount of current was still required, though the melting point

of lithium is only 186°C, and the entire target chamber had to be air



cocled, The evaporation time was of the order of an hour, for 1 mg/cm?
of deposit at a distance of 5 inches. It was found necessary to outegas
the lithium by keeping it just under its melting point for 30 minutes

to an hour in the vacuum system. A removable shield was placed immedi;
ately in front of the furnace exit hole to prevent accidental evapéra-
tion ontc other objects in the ﬁarget chamber during the out-gassing
procedure, After this treatment, lithium could be evaporate& at residual

gas pressures of less than 1074 mm of Hge

b) LiF and CaFp: Both these substances, béing non-conducting, are easily

evaporated from cubical tantalum boxes heated by passage of electric cur-
rent, The high melting point of CaFp, 13609C, made it necessary to air

cecol the chamber,

c) Gold: This metal is evaporated from a tungsten filament without too

much difficulty. A very low rate had to be maintained, howevei, be-
cause at too high a filament temperature spattering occurs, particles
occasionally being shot clear across the chamber and breaking the foil,
The gold was theréfore kept just above melting (1062°C) and evaporation
times up to an hour and a half were not uncommon, The filaments;had to
be"ﬁetfed" first with a small amount of gold; if a large amount was

placed on a new filament, it formed a2 heavy drop which fell off,

d) Copper: The high conductivity of this metal makes it unsuitable for
unlined furnaces, While furnaces with 41203 linings have been described
(20),I21), it was found impractical to modify them for‘eVaporation in a
horizontal direction. Several materials for filaments were investigated:
tungsten, tantalum, zirconium, stainless steél, and pure copperiwire.,

The best results were obtained with a straight length of LO mil tantalum
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wire. Small copper strips (1/16 x 5/16 x 1/32%) were cut from a pure
copper sheet and crimped on the filament. They were separated by about
1/2", Two were used, and the second melted only after all of the first
was evaporated, There was no tendency to run all over the filament,
though the wetting was sufficient to prevent falling off, Evaporation
time was comparable to that for gold, and for the same reasons. It was

found by scattering that no tantalum was evaporated along with the copper,

e) Lead: This metel melis at 327°C and apparently does not wet tantalum,
éo that the cubical tantalum box method is applicable in spite of the
shorting out effects A serious difficulty was enceuntered however., Lead
atoms do not always stick to the surfaces which they hit, but may rebound
many times before settling down. As a result, the back of the foil,‘well
shielded as it was, was found tc have about 10% as much lead as the front,
The mirror and balance fiber also got coated in spite of shielding., Since
it was found that the weight and thickness of lead did not change measure
ably on exposure to air, the evaporation was not carried out in the target
chamber, but in a bell jar, with the foil enclosed in a brass box with .a
defining aperture. Ten seconds to a few minutes were required, depending
on the amount of heating. The proper amount of deposit was estimated

visually from the coating of the bell jar (since shielding was of no use).
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IV, RESULTS

The numerical resulis are presented in tables T and IT and graphie
cally through figures 10 to 22, They will be examined here for each

substance in turn,

Lithiwm (figs. 10, 11): Absolute values of € in lithium were obtained

by the chemical method at four energies, and by the weighing methéd at
two more. These were all between 380 and 450 kev, By proper normaliza-
tion, the curve through the relative values could be made to pass within
* 0.9% of five of the six points, one of the chemicai points lying less

than 2% lower (fig, 10).

An estimate of the stopping cross section Eb (Ep) for protons of

energy By can be made from €u(Ey) for of-particles by use of Bethe's

formula(l)
ﬂe4 22 2mv2
€E) =4 2y 1y A (1v-1)
v _

where e and m are the electronic charge and mass, 2z and Z are the atomic
numbers of the incident and target nuclel, v is the velocity of the in-
cident particle, and I is an average ionization potential of the stopping
atoms, This formula is not readily applicable at low energies without
correction terms which take into account the lesser influence of the
inner atomic electrons on the stopping phenomenon. The dependence of ¢
on z2 for particles of the same velocity, however, is probably valid
down to the energies where capture and loss of electrons in the stopping
material become>important (arcund 300 kev for protons}. It follows

therefore that
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€,E,) =5 ExBu=48)) (1v-2)
Estimates of'Ep (1i) based on eq, IV-2 were made from Rosenblum!s(l)
€ (Li) for Ey between 3 and 9 Mev., The lowest figure so obtainable was
for Ep = 750 kev, while our data went up to 600 kev. The two curves do

however appear to continue each other quite smoothly (fig. 11).

The curves given by Haworth and King(5), and by warters(6) (1) s
lie about 10% above ours, The shapes of these curves agrees with ours
within experimental error, The discrepancy in normalization is attri-
buted to these authors' assumption of the validity of Bethe's fomuia
(eqs IV~1l) at low energies, and their consequent use of an average value
of T as calculated by ¥anol8) from Rosenblum's data, Bubt our own cale
culations from Rosenblum's data have yielded values of I ranging con=
tinuously from 69 ev at Eq= 3 Mev down to 27 ev at By = 9 ﬁev. Values
of I (ev) from our data for the various elements investigated are given

below to show the unreliability of the formula in the low énergy range:

E(kev) Li Be Cu Aun Pb
200 63.7 70,4 225 289 280
300 574 71,8 26, 371 360
400 57.4 71,6 283 LL6 433
500 59.2 70,0 292 513 498
600 68,5 68,9 268 580 556

Around 340 Mev, where the formula is more reliable, the values of I (ev)
are(3): 1i, 3h; Be, 60; Cu, 300; Pb, 812; and Au at 18 Mev yields

I = 1383 ev,
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Beryllium (figs. 12, 13): The present curve for € (Be) lies above

Warshaw!s(9) by about 15%, The shapes of the two curves are in fair
agreement (fig. 13). The current relative measurements of F. Hozer(22)
agree with ours from 200 to 600 kev. From 600 to 1800 kev, and with our
normalization, Mozer's data falls from 6 to 3% above that of Kahn(lI) and
Madsen(lo)’(la). The differences in the shapes of these various curves

are within experimental error.

The foils used here for normalization had a density of about 0,22l
mg/cm?, and an area of 2,55 cm? (0,704" dia,) was accurately meésured
and weighed., The shape of the curve was checked by our own relative
nmeasurenents below 250 kev and those of Mozer above 200 kev using a
layer of 8 ~ 10 kev of evaporated Be on a gold target. Warshaw's foils
had a density of 0,0L5 mg/em?, which would make them about 20 kev thick
and hence quite suitable for energy loss measurements., We question,
however, two points in his procedure:s 1) such thin foils are available
only in very small areas, which Warshaw measured by tracing their contour
on gravimetric paper; it is felt that more error than tne 1,5% which he
claims may be involved; and 2) he did not perform his density determina-
tion on the same foil that he used for the energy loss determination,
but on a foil evaporated at the same time; while this procedure is usually
valid, it is conceivable that a considerable variation may have been

present in an individual case,

Warshaw gathéred considerable confidence in his resulis from the
fact that his curve joined fairly smoothly the higher energy data of
Madsen and Venkateswarlu(12>. It must be pointed out that this is true
only if he passes his curve through his highest energy point, neglecting

the previous one (fig. 13); but in that case, the shape of his curve no
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longer agrees with ours and Mozer's in that region. It is his highest
point, and not.the previous, which Warshaw should have overlooked in

drawing his curve,

Copper (figs. 1h, 15): Between LOO and 600 kev, the slope of our

relative measurements agrees with the data from Ohio State(13)’(lb).

Our normalization is however 3% higher; this brings it into betiter agree=-
ment with the data of Kahn(ll), whose points however show considerable
spread (fig. 15). Below 300 kev, our data is in fair agreement with
that of Warshaw(8), A1l of the above discrepancies are within the com-
bined probable errors of the various curves., Madsen's data(10) are
however 15% below these other measurements, This discrepancy can be
attributed to his use of commercial rolled foils, Wilcox(lé) has shdwn‘
that an error of this magnitude can be explained in the case of commercial
gold foils by the non-uniformity of these foils. Warshaw's normalization
depehded on the assumption that the density of the evaporated 1a&er of
copper was the same as the ordinary bulk density of the mﬂﬁai. The com=-
parison of his results with ours tends to justify this assumption, which
was not necessary in our experiment., In view, howevef, of ihe following

discussion on gold, this agreement may be fortuitous.

Gold (figs, 16, 17): The present data on gold is in excellent agreement

with the recent unpublished work of Ohio State(1h) betmeenlhoo and 600
kev where the measurements overlap, We made absolute measurements with
four distinct foils, and with mean energies lying between 320 and 3L0
kev, There was less than 1% spread from a mean curve through them
(fige 16)« At lower energies the discrepancy with otherkoﬁservers

reaches as much as 25% (fig. 17). In most cases, this can be attributed,
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as explained above, by‘non-uniformity of the foils used, In the case of
Warshaw's data another explanation is in order: as for his copper data,
he measured evaporated foil thicknesses interferometrically and converted
to areal density by using the bulk density of the metal. There is, to
our knowledge, no experimental check of the validity of this aésumétiou,
except as may be implied by the above-mentioned data oh copper. We note
that all previous measurements are lower than ours and (hio Sfaté's,
rather than randomly distributed about these later ones., The reason for

this is not clear,

Lead (figs. 18, 19): Our results for lead are in excellent agreement

with thos of Ghio State(lh) above LOO kev, These in turn are in ex-
cellent agreement above 750 kev with o(~particle data from Rosenblnm(h),

as calculated frum eq., IV-~2,

LiF and CaFp (figs. 20, 21): Since no measurements have been previously

published on LiF and CaFo, no comparison is possible, Three absolute
deteminations were made on each, near 350 kev, and relative values were
obtained between 56 and 600 kev, The internal consistency of the data
is eicellent, with two or three points at the low energy end faliing

some 2,5% away from a smooth curve fitting the data,

The molecular stopping power of a compound can, to-a firsi ap-
proximation, be taken as the sum of the atomic stopping powers of its
constituent elements, This simple rule is known as Bragg's law, and
has been extensively discussed by Platzman(23). Its limitations can be
traced to three sources: 1) the excitation energies of the molecular

system may be quite different from those of the atomic system; Platzman
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estimates that the deviations from Bragg's law due to this effect cannot
exceed 5%; 2) the incident particles may excite rotational and vibra-
tional modes of the molecules; Platzman shows that this is unimportant
down to 300 kev, where about 1% of the energy loss may be contributed

in this ways; and 3) in the case of solids, where the moleculesvare‘very
close together, intermoiecular forces may come into play and these are
not currently understood quantitatively. Platzman does point‘ouﬁ,
however, that unusual effects may be expected from C, N, 0, and ¥, be-

cause these elements form many different types of bonds in compounds,

With these restrictions in mind, a curve has been calculated for
fluorine by subtracting the lithium data from the lithium fluoride curve,
The resulting data for 1/2 Fp is shown in fig. 22, where the data of
Reynoldsczh}’(gs) for the neighboring atoms % 0, and Ne is - plotted for
comparison., In view of the above discussion, this curve has litile
reliability below 300 kev., Since the binding in LiF does not héve
the unusual features present in, say, a benzene ring, it is:probably
safe to say that the 1/2 Fo curve is good to X 5% ahove 300 kev,
Since a direct measurement is rendered experimentally difficult by
the high reactivity of fluorine, this is the best that can be dbne at
the present; and it is probably valid for the computation of € in
other compounds where the binding is of a simple type, as opposed to

a resonant structure,
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V. ERRORS

We reproduce here for convenience eq, II-5 which gives the stop=

ping cross section in terms of the experimentally measured quantities:
s
€EE) = o T~ AE cos © (v=1)

where A, W, M are the area, weight, and atomic (molecular) weight, re=-
spectively, of the evaporated deposit; AE is the energy lost in the
deposit; © is the angle from the normal at which the beam goes through

the foil; and Ny is Avogadro's number.,

‘The upper limits on the errors in the determination of € were

as followss

W/A (Chem,) L.7% cos & 0606%
A 1.0% E 075 = 1.5%
W 009% AE 1.9 - 2-}4%

Impurities in materials used: 0,005 to 1,03

As can be seen from this summary, the errors in the determination of
energy losses were by far the largest, and were the limiting factor in
the overall accuracy of the experiment, The details of these sources

of error and their values are discussed below,

Impurities: As can be seen from Table III, the possible amounts of
impurity originally present are well under 1%, except in the case of
lithium, As can be seen from the scattering analysis, figure 3, the
amounts of impurity in our sample of lithium were also considerably

under 1%. The only data on beryllium is the scattering analysis,



figure 63 it was shown in section IT that the value of € was not

measurably affected by the impurities present,

Areas:y The measurements of area with the traveling microscope had an
accuracy of 1% or better, Predictions made from geometry agreed with

these to within a few tenths of one percent,

Weights: As described in section III, the standard weights wére>reliable
to 0.5%, The uncertainty in readiﬁg the angles from the vernier was 1/2
mine, The individual settings varied by % 1 min, from the average, be-
cause of the coarseness of the fiber and the cross-hair in the'telescope.
The probable error in an average of three readings was then 0,58 min,

The composite angular uncertainty for a difference of two weighings was
then £ 1.1 min, The sensitivity of the fiber was, typically, 2.6/ag/min.,
so that the angular error corresponded to } 2.9/ug. The smallest weight
difference was hoo/ug, s0 that in the worst case we had a O.?S%Iangular
uncertainty in addition to the 0.5% uncertainty in calibration, Hence
the weight differences were known to better than 0,9%. The stability

of the weights of the foils was checked as descride in section III,

part\2; no changes in weight were ever detected,

W/A (Chemical Method): An acid-base titration is a very simple experi=

ment which,with proper precautions,. can be performed very accurately,
The standard used was 0,1000 * 0,0002 N HCl,as furnished by the Braun
Corporation, Los Ahgeles, The indicator used was brom-phenol blue,
whose color change is slightly on the acid side., This was done, upon
advice of the Chemistry Department, to eliminate the effect of possible

carbonates in the solution. End point corrections were of course made,
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Small errors (under 1%) were involved in reading the burette. The
geometry of the evaporation was known to 1%. As discussed in part II,

an additional error of 1% is possible in the application of the correction
to ege IT~L for the density of the deposit. The composite error in W/A

is then 1,7%. We note here that we do not know whether the lithiuﬁ was
deposited at the same rate on the thin aluminum foil as on the tantalum
collector, This, incidentally, provided one of the incentive§ for de-
veloping the micro-balance method, in which all measurements were made

on the same thin aluminum foil. The excellent agreement between the
results of the two methods indicates that the assumption of the equal

rates of deposition was justified,

cos 8: The angle at which the beam passed through the aperture in fhe
foil holder was 1lli.l * 0.25° (fige 7)e As must be clear from the de-
scription of the way the foils were held (sect., III part 3, and fig. 7),
they could not always be kept strictly parallel with the holder, This
effect, together with a small amount of curvature in some fbils, was
estimated to give an uncertainty of * 1°, The angular spread of the
beam was 5°, so that we may take a 1° possible error in using the mean

value, Combining these errors, we get 6 = 14,1 * 1.L45°, or

dcos 8 _ tane de = 0.,064%
. cos &

Energies and energy losses: Any energy value is the product of the

electrostatic analyzer calibration constant by the voltage between the
analyzer plates (as measured by the voltage drop across a resistor in a
standard potentiometer circuit). The analyzer was calibrated to % 0.5%

against the well established resonance in FY9 4 p at 3L0. kev(26),



The positions of the gold steps were taken as half way up the steps
(fige 1) This procedure is justified if the statistical distributions
of the straggling and the energy loss are Gaussian, or at least sym=-
metric about the mean; in this case one gets the mean values of the
energy losses, The symmeiry of the curves obtained tends to justify
these assumpitions, and no error has been included for their uncertainty,
The clean gold steps were quite sharp with a very flat top (fig. 1),
so that the uncertainty in determining their midpoint was always less
than 0,3% of AE, With a foil and deposit in the path of the beam,
however, the greater slope of the step meant a greater uncer'bainty in
the midpoint. This was aggravated by the fact that with a thick deposit,
more spread was observed in the points determining the top, as well as
in the points on the step itself, This effect was particularly marked
at low energies, For these reasons, an uncertainty of 1,54 of AE
was not uncommon above 150 kev, while 2% must be allowed below 150 kev,
The values of AE/E were always 1/2 or smaller, so that the maximum
errors in E due to the causes discussed in this paragraph wére

0075 to 1%0

‘An additional error was introduced by the small amount of drift-
ing of the spectrometer field, This drifting never exceeded 2% of AE.
Corrections were made whenever possible, as illustrated in section II,
part 1. A 1% probable error is retained, In relative measurements,
where the two gold steps needed were measured within 20 minutes of each
other, the drift was negligible., In the cases of lithium and lead,
drifts amounting to 3% of AE were occasionally observed because of the

length of the experiment (see section II, part 2).
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Combining these various probable errors yields uncertainties of

1.5% in E and 1,9 to 2.4% in AE,

The probable errors in €:; The probable errors in the absolute values

were computed as the square root or the sum of the squares of the '
probable errors in the parameters used to compute € (eq, V-1). This
procedure yields 2,6% for the micro-balance method and 2,8% for the

chemical method,

As read from a mean curve drawn through the data, relative values
are subject te less random error than the individual measurements, An
estimate of the errors can be made by drawing extreme curves which might
conceivably fit the data., Thus the ends of the curves (here near 50
and 600 kev) may be in error by as much as the one or two points deter-
mining them, On the other hand, in regions where many experimental
points must be fitted, there is less latitude for drawing a visually
reasonable curve, From such an analysis, we arrive at probable errors
of 2,5% from 50 to 100 kev and 1,8% from 500 to 600 kev, which are
essentially the errors in AE in those ranges(relative values depend

only on AE); and from 100 to 500 kev, one obtains from 1.8 to 1,3%.

These errors must of course be compounded with the normalization
errors. The probable errors adopted for the experimental results as

listed in tables I and II are then:
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Absolute values (micro-balance) 2.6%
Absolute values (chemistry) 2.8%

Normalized relative values

a) 50 - 100 kev 3.5%
b) 125 - 450 kev 3.0%
c) 500 - 600 kev 3e1%

The variations in error of individual values over the ranges
involved are too small to warrant a finer subdivision., This is also
the case for variations in different elements, though some weré more
difficult to handle than others, It is interesting to note how in the
high energy range, the smaller error in AE compensates for the fact
that few points determine the curve; at low energies, however, these

ervors are both large,



TABIE I

The Absolute Values of € (10“15 ev - cn)

The probable errors are: for the first four numbers, cotained by the
chemicel method, t 2.8%; and for the others, cbtained by the weighing
method, = 2,6%.

Substance | € Energy (kev)
Lithium 1460 L1
lie53 450
L1056 30
5.07 382
Le75 L6
487 Lok
Berylliuwm - » 6463 323
5.1l 518
Copper 2045 3Ll
19,8 Lol
15,7 380
Gold 3l,.8 335
- 35,0 321
3540 330
35.6 - 327
Lead | 37.2 329
36.5 353
Lithiwm 16.8 358
Fluoride 16,2 367
16,1 379
Calcium L3.7 331
Fluoride L2 37k

L3.5 352
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TABLE III

Impurities In Substances Used

Substance Source Impurities
Kind  Max, %
CalF'o General Chemical Company cl 0.01
SOy, 0.005
Fe 0.02
Other 0,01
LiF General Chemical Company cl O.Ql v
Co3 0.01
50) 0.01
Ba 0,01
K 0.1
Na 0.2
QOther 0.01
Pb Je Te Baker Chemical Company Other
metals 0,06
Cu ‘Je Te Baker Chemical Company Other
metals 0,02
Li Lithium Corporation of K, Na 1,0
America
Au Wildberg Bros, (Los Angeles) Cu, Ag 0,005
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