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TAai.K I. Thickness and chemical composition of the
absorbers in the photon beam.

Thickness
g/cm2 H

Chemical composition
C 0 Al Si K.

Donut.
Bakelite

Monit, or Aluminum
Lucite

2.53 - 0,48 0.14 0.28 0.10
0.625 0.07 0.56 0.37
0 132 ~ ~ 1 00
4.13 0.08 0.60 0.32

LUCITE
BLOCKg

Figure 2 shows the arrangement of the experimental
apparatus. The wall of the donut, the monitor, and the
wall of the Lucite block affect the spectral distribution
because the absorption coefFicients depend upon the
energy and because secondary radiation is produced.
However, the probability that the secondary radiation
has an energy greater than the threshold for a nuclear
reaction is very small, and therefore it does not con-
tribute to the observed activity. Unfortunately, this
radiation may be recorded by the Victoreen r-meter,
which is used to monitor the dose given to the samples.
In general, only a small fraction of these secondary
photons are emitted exactly in the forward direction,
so that an r-meter subtending a small solid angle at the
absorber will not be affected appreciably. This condition,
known as "good geometry, " is satisfied for both the
donut and the monitor; but not for the Lucite block.
Figure 3 shows the effect of these factors upon the
theoretical distribution as follows:

A. Theoretical Schiff distribution for a maximum photon energy
of 24.5 Mev.

B.Curve A modified by the absorption of the donut and monitor
using total absorption coefficients.

C. Curve 8 modihed by the absorption of the Lucite block
using real absorption coefficients. This distribution assumes that
all the secondary scattered radiation from the Lucite block is
detected.

D. Curve 8 modi6ed by the absorption of the Lucite block using
total absorption coefficients. This curve neglects the secondary
radiation and gives the distribution which produces photo-
disintegration. The Victoreen will respond to some distribution
lying between C and D, but C is probably a closer approximation
and so has been used in all subsequent calculations. In any case,
the percentage difference is small. Table I gives the data for these
calculations.

The energy Aux in ergs/cm' is obtained by measuring
the ionization which the beam of photons produces in

the cavity of a material with known absorption coefIi-
cients. The ionization J, in a cavity filled with air and
completely surrounded by this material is given by the
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well-known formula of Gray

J„=(E,/pW) e.s.u./cm', (2)

where E„ is the energy truly absorbed per unit volume
of wall in ergs/cm', p is the ratio of the loss of energy
suffered by a beta-particle in traversing 1 cm of the
wall compared to the loss in 1 cm of air, and 5' is the
average energy per e.s.u. required to produce a pair
of lons.

This equation is correct only if the wall thickness is
sufKi. cient to produce equilibrium between the electro-
magnetic radiation and the corpuscular radiation arising
from its absorption. The actual wall thickness is of the
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Fic. 3. Effect of absorption on the photon distribution: A.
Theoretical Schiff distribution for a maximum photon energy of
24.5 Mev. B. Curve A modified by the absorption of the donut
and monitor using total absorption coefficients. C. Curve B modi-
fied by the absorption of the Lucite block using real absorption
coefficients. D. Curve B modified by the absorption of the Lucite
block using total absorption coefficierlts.

SAMPLE
or

R- METER

&'ic'. 2. Sketch of the apparatus showing the relative positions
of the donut, monitor, and sample.

2000
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ENERQY MKV

Fic. 4. Energy flux required to produce one "roentgen" meas-
ured in an air cavity in Lucite, as a funct. ion of the energy of the
radiation.

"L.H. Gray, Proc. Roy. Soc. A156, 578 {1936).
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I l I I I I I I ion pair, Eq. (3) can be written as
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Fro. 5. Relative roentgens recorded on the basis of the respec-
tive curves of Fig. 1. This is obtained by dividing each of the
curves represented by curve C of Fig. 3, by the curve of Fig. 4.

order of the mean range of the electrons. For 25 Mev,
betatron radiation this is about 4 cm of Lucite. Equation
(2) can be put in slightly different form since

E.=E.(,II,)„n and p=n P /nogo,

where 8 is the energy Aux of the incident beam in
ergs/cm', (,II,)„is the real absorption coeKcient of the
wall in cm'/electron, n is the number of electrons per
cm' of the wall, e is the number of electrons per cm' of
air, Q is the ratio of the stopping power per elec-
tron of the wall relative to air, and g, is the ratio
of the stopping power per electron of air compared to
air. (This is unity, but is included to maintain sym-
metry. ) Therefore,

(Opo)QI %U E (ego)w n0J.= = . (3)
& (n 8 /n. 8.) lf (8 /D. )

The number of electrons per gram of air is given by
n= n,/0. 001293. Since it requires 32.5 ev to produce an

E' (gtt~)gp'llJ.=
g3(P /D. )

Figure 4 is a plot of E/J„using n=3.007)&10' elec-
tron/g and"

g /+, = 1.02 (Lucite).

In this paper the dose as measured in a Lucite block
will be referred to as the dose in "roentgens. "This does
not correspond exactly to the formal de6nition of the
roentgen because the ionization is produced in the walls
surrounding the cavity, which do not have the same
absorption coeKcients as air. In actual fact, the dose in
true roentgens would be 2 to 15 percent greater, de-
pending on the photon energy, for the same exposure if
a true air wall material were used.

Figure 4 thus gives the energy Qux at each energy
which is required to record a dose of one "roentgen"
for an r-meter placed in a Lucite block. Above 40 Mev
the response curve begins to drop, owing to the in-
crease in the real absorption coefficient of Lucite through
pair production. The minimum at 0.5 Mev corresponds
to the peak in the real Compton absorption at this
energy. Below 0.1 Mev the curve rises slightly and then
falls to zero as zero photon energy is approached, owing
to the very large photoelectric absorption at low
energies.

To normalize the distribution curves, the series of
curves represented by curve C of Fig. 3 is divided by
the response curve of the r-meter (Fig. 4), giving the
curves of Fig. 5.

The area under each one of the curves of Fig. 5 is
proportional to the number of recorded "r."Normaliz-
ing each of these to 100 r will determine the actual
ordinates of Fig. 1 and Fig. 3. Using this normalization
factor, the curves of Fig. 3 have been redrawn to give
Fig. 6, where the ordinate is now in photons per Mev
region per cm', per 100 roentgen.

In Fig. 7 the number of photons in any given Mev
region is plotted as a function of the maximum energy
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FIG. 6. Absolute photon distribution at the sample as a func-
tion of photon energy normalized to 100 "roentgens" (100 r)
measured in lucite.

FIG. 7. Number of photons per cm~ per indicated energy interval
per 100 r measured in Lucite as a function of the maximum photon
energy of the betatron.
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of the betatron. For example, the number of photons
between 8 and 9 Mev is given by the uppermost curve
for diferent maximum energies of the betatron. The
falling of this curve at higher energy is caused by
normalization to the same dose. These curves are used
directly to calculate the cross section.

Experimentally, several samples of the chosen ele-
ment are irradiated. at various maximum energies of
the betatron. The number of product nuclei present
at any time t2 following the irradiation is given by

where 8 is the rate of production of product nuclei in
the sample, X is the decay constant of the product nu-
ured from the start of irradiation.

Using this formula, the observed activity may be
normalized to saturation at an irradiation rate of 100
r/min. Figure 8 shows the normalized activity curves of
( u63 Talsl and Sb121

The method by which the activity curves of Fig. 8
can be resolved into cross-section curves is illustrated
in Fig. 9. Figure 9(a) shows an assumed cross-section
curve, where o1 refers to the average cross section from
11 to 12 Mev, etc. Figure 9(b) is a sketch approxi-
mating Fig. 7, and Fig. 9(c) is a sketch representing
Fig. 8. %hen the maximum energy of the betatron is
12 Mev, the activity k=o1u. Ke can thus represent
the activities k, t, m, etc., of Fig. 9(c) by the following
set of equations:

k o $8$)
I= o gam+0+g,

m= o 1c3+o2b2+o.3c1, etc.

These linear equations can be solved for the unknowns,
o.1, ~ ~ ~, o, yielding the desired cross-section curve.

The method is complicated by experimental error in

k, l, nz, - of the order of 2 percent. Because the com-
putation involves the difference of two numbers of
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F1@. 9. (a) Sketch of a
hypothetical cross section.
(b) Sketch of Fig. 7. (c}
Sketch of a saturated ac-
tivity curve.
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nearly the same magnitude, the error in some values of
o may be 50 percent. In general, because of the nature
of the curves, if the calculated value of o; is too large,
the value of o;+1 will be too small by a greater percent-
age. This results in an oscillating, rather than a smooth,
cross-section curve particularly if the uncertainty in
the activity curve is large. However, approximate values
can be calculated and progressive smoothing used to
obtain a smooth curve. At higher energies the calcula-
tion of a negative cross section is an indication that
some of the earliest estimated cross sections were too
large.

III. EXPERIMENTAL PROCEDURE

The dose given to a sample is recorded by the monitor
(Fig. 2). The ionization current from the monitor
charges a condenser to a predetermined value, at which
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Fro. 8. Activity induced in 1 g of the isotopes Cu~, Sb~', and
Ta'" if irradiated at 100 r.pm. . until saturation, after corrections
have been applied for geometry, self-absorption, etc.
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Fzo. 10.Ratio of the saturated activity of Cus' to that of Cu~ after
a correction has been applied for the decay scheme of Cu~.
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point a counter and relay operate. The relay discharges
the condenser, allowing the process to repeat. Each
count or "chck,"therefore, represents a de6nite amount
of radiation which has passed through the monitor.
The number of "roentgens" per click can be determined
in any sample position by placing the Victoreen r-meter
at that point and taking several measurements.

Experimentally, after the monitor is calibrated with
the Victoreen, a sample of cross-sectional area similar
to the thimble chamber is placed in the holder and given
a known dose in a measured time. After irradiation it is

placed under an end-on counter and the activity meas-
ured. Separate experiments are performed to measure
geometrical e%ciency, self-absorption, and backscatter-
ing. The application of these corrections gives the
absolute normalized activity curve shown in Fig. 8.

IV. RESULTS

A. Copper

Samples of 425 mg/cm' thickness and 1.1 by 2 cm
size were irradiated between ~'~-in. sheets of cadmium.
The decay curve indicated 10.1 min. and 12.8 hour
activities. The latter was negligible if the sample was
counted within 20 minutes of the end of i.rradiation.

The Cu'4 activity curve was found by measuring the
ratio of the 12.8 hour to the 10.1 min. activities. Figure
10 shows the ratio of the saturated activities. Cu" has a
rather complex decay scheme, * some of the atoms going
to Zne' by P (36.5 percent) emission while others go to
Xi64 by positron emission (17,5 percent) or K-capture
(46 percent). The activity measured was corrected for
the l.oss of counts due to K-capture by multiplying all

measured counting rates by 1.85.
Figure 11 shows the absolute cross sections of Cu"' and

Cu65. The broken curve is due to McElhinney et al. '-' for
Cu". A recent determination by Almy and Diven, ' in

R4—

I IN QNY

a to

IO
I I

l4 IS IS 20 RR 24
ENERGY MEV

FIG. 12. Cross sections for the (y, n) reaction in Sb'~ and Sb"'.
The cross section of Sb"' is only for those reactions which lead to
the 16.4-min. isomeric state.

C. Tantalum

Samples of 260 mg/cm' thickness and 1.1 cm by 2
cm size were irradiated and counted on thin plastic
him. The decay curve showed a pure 8.0-hour activity.

excellent agreement with this work, is also shown.
%aAier and Hirzel" give 1.2~0.3X10 " cm' at 17.5
Mev. Our value of 1.1X10 '-' is within their probable
error.

B. Antimony

Powdered antimony was irradiated in a cadmium
thimble the same size as the Victoreen thimble chamber.

The decay showed 16.4+0.1-min. and 66-hour ac-
tivities. V, hen the longer activity is not subtracted,
a 17.0-min. activity, which has previously been men-
tioned in the literature, is obtained. The authors believe
the 16.4~0.1-min. half-life to be correct.

The Sb"' activity curve was determined inde-
pendently, but found to be approximately 1.62 times
the Sb"-' after all corrections were applied.

Figure g shows the Sb"-' activity curve and Fig. 12t
the Sb"' and Sb'" cross-section curves.
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Fro. 11. Cross section for the (y, n') reaction in Cus' and Cu66
I'he broken line is t,he results of McElhinney et al. (reference 2)
for Cu~'. The plotted points are the results of 8. C. Diven and
G. M. Almy (to be published).

~ To obtain the branching ratios, the dat, a of H. Brandt et. al.
Helv. Phys. Acta 19, 219 (1946) was combined with that of R.
Houchez and G. Kayes, J. de phys. et rad. (Ser. 8) 10, 110 (1949).

l

lO l2 l4 t6 l8 20 22
ENERGY IN E V

FIG. 13. Cross sections for the {y, n) reaction in Ta'". No correc-
tion has been made for E-cap ture. The broken curve is the results
of McElhinney et al. (reference 2).

"H. %afner and O. Hirzel, Helv. Phys. Acta. 21 (Nos. 3—4),
200—3 (1948).

f The cross section given for Sb"'(yh)Sb1M is only for those
reactions which lead to the 16.4-min. isomeric state. To obtain the
total cross section for reactions going directly to the ground state
of Sbl~o.
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TABLE II. Summary of the results of the cross-section
measurements.

Parent
isotope

Cu"
Cushy
Sb121

Sb123

Ta181

I'hreshold
Mev

10.9
10.2
9.3
9.3
8.0

Energy of
maximum e Maximum cr

Mev Barn

17.5
19 0'
14.5
14.5
13.5

0.11
0.18
0.21
0.34
0.078

Half-
width
Mev

6.0
6.0
5.5

4.5

Integrated
cross section

Mev-Barn

0.70
1.40
1.2
2.0
0.39

The position of this maximum is not believed to be as accurately
located as to the other substances.

Figure 8 shows the normalized activity curve and
Fig. 13 the calculated cross section. f The result of
McElhinney et a/. ' is indicated by the broken line.

V. DISCUSSION OF RESULTS

Table II shows the significant features of these cross-
section measurements.

The most striking feature of the (y, n) curves ob-
tained in this work is their broadness. They give a
"resonance width" of about 5.5 Mev, which is con-
siderably broader than that found by Baldwin and
Klaiber, though in good agreement with the measure-
ments of McElhinney e3 ul. and the more recent work
of Almy and Diven. The cross-section vs. energy values
obtained by these latter workers are plotted on top of
our smooth curve in Fig. 11, the agreement being much
better than one would expect from the estimated ac-
curacy of the measurements.

Although the theory of Levinger and Bethe does not
say anything about the expected "resonance width" in
these reactions, it does predict the mean energy for
photon absorption. According to their Eq. (40) and
(42), this mean energy cannot be lower than 16 Mev.
The values for this quantity are given in Table III
and. are seen to be less than 16 Mev in the case of anti-
mony and tantalum. Competing reactions with relatively
large integrated cross sections may raise these values
considerably and bring them in closer agreement with
theory. According to I.evinger and Bethe, the inte-
grated total cross section j'ed' should vary as .VZ/A,
or nearly as A, where 0. is the total cross section for all
reactions, (y, n)(y, p)(y, x), etc. , at energy E. The

TABLE III. Harmonic mean energies of the various reactions
involved and a check on the validity of assuming that the photon
distribution over the energy region giving rise to the activity
varies as 1/E. E is the mean energy for photon absorption.
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Flc. 14. Intensity in the forward direction for the assumed
distributions: A. :$ 1/E photon distribution with a finite number
of photons at the maximum energy. B. SchiA distribution. C..0 {E —Ep ') photon distribution with zero photons at the maxi-
mum energy.

values of this integral for the (p, n) reactions only are
listed in Table II and, as can be seen, are not linear in A.
In order to retain the theory one would have to postu-
late a very large competing reaction in the case of
tantalum or a large correction for E-capture.

If we assume that P(E, Eo) gives the number of
photons per cm' per Mev interval, then the number of
active atoms produced in a given sample during an
irradiation is

gp

j 0'(~ )Pdk = CEO,
0

where E0 is the maximum energy of the bremsstrahlung
from the betatron. In our determination of cross section
the systems of linear equations (6) express such sets of
integrals with the integral being evaluated in each
case by the trapezoidal rule. If E0——24 Mev, then the
area under the o.I' vs. E curve is actually made in our
computation to be equal to the measured value of C24.
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Parent
isotope

Cu63

Sb121

Sb123
Ta181

jV

Mev

17.5
14.5
14.5
13.5

&e
Mev

17.0
14.3
14.5
13.3

J'a(y, n)dE jB
Barn

0.041
0.084
0.137
0.029

C24

I'mE)«
Barn

0.52
0.084
0.136
0.027
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$ No correction has been applied for undetected activity due to
A. -capture and internal conversion since the decay scheme of
Ta'8P is not known.

Frc. 15. Absolute photon distributions at the sample corre-
sponding to the assumptions shown on Fig. 14. These have been
normalized to 100 "roentgens" measured in Lucite.
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l6—

the assumed equation does not give a good 6t in this
region.

The harmonic mean energy defined by Levinger and
Bethe,

I2 -"

is also listed in Table III.
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Fro. 16. Cross sections of copper which result from
the three distributions of Fig. 14.

The actual values of the integral were determined by
graphical integration and are listed in Table III. Their
difference from C24/P~ values which are listed is an

indication of the validity of Eq. (8). The disagreement
is large in the case of copper because the peak of the
cross-section curve is in this case too near the maximum

energy of the spectrum, and, as can be seen from Fig. 6,

Assuming that the photon spectrum varies as 1/E
we can write

P=PM /E, (g)

where E is the energy at which cr(~, „)has its maximum

value and I' is the value of P at this energy. Then to a
fair approximation,

(2~

a(,.„)dE/E=C2QP E„. (9)

APPENDIX

The dependence of the calculated cross-section shape upon the
assumed photon distribution was investigated. Figure 14 shows
the intensity in the forward direction for a maximum photon
energy of 24.5 Mev for three assumed intensity distributions.
Figure 15 shows the corresponding photon distributions normal-
ized to give 1QO "roentgens" as shown previously. These dis-
tributions are:

A. A 1/E photon distribution with a Gnite number of photons
at the maximum energy.

B. SchifF distribution.
t.". A {E'—Ep ') photon distribution with zero photons at the

maximum energy.
Figure 16 shows the cross sections calculated using these as-

sumed photon distributions.
Going from assumptions A to C it is seen that the maximum of

the cross-section curve is shifted to lower energies, the half-width
decreases and J'o(~ „)dE decreases. This indicates, however, that
the cross section is only moderately sensitive to the assumed dis-

tribution, since relatively large variations in it do not produce
correspondingly large variations in the cross-section shape and
especially in J o(~ „~dE. Therefore, we would not expect smaller

corrections to the Schi6 formula to affect our results appreciably.
The resolving power of this method was also investigated. It

was found that it would not resolve two rectangular cross sections
1 Mev in width and separated by 2 Mev. Thus, these results give

only the general features of the cross section and do not indicate
what the 6ner structure, if any, may be.


