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Abstract

The radial and longitudinal development of electron-photon
showers has been measuredin copper and lead at 1Gev. A
new technique20 using the thermoluminescent property of
LiF has been employed to measure energy deposition. The
resultant radial distributions and transition curves show

good agreement with Monte Carlo calculations.
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I. INTRODUCTION

When a high energy electron or photon enters an absorber, an elecir:-
magnetic cascade shower is produced. The basic interactions of the electrons
and photons are well established, but the analytical solutions of the diffusion
equations which describe the shower are prohibitively difficult to obtain. Rossi
and Greisen1 concentratéd on the longitudinal shower development using various
approximations. The lateral and angular spread was derived by Kamata and
Nishin1ur32 but has application only to high energy cosmic ray phenomenz.
Another analytical set of solutions has been presented for the longitudinal
development by Belenkii and ivanenko.3 The most useful calculations are the
Monte Carlo studies, which take into account the important cross-section data,
and which do not introduce as many oversimplifications. These were first done
by Wilson4 and then more elaborately by Messel, et al., ® and Zerby and Moran. 6
Most recently Nagel7 and V'c'>1ke18 have improved the shower calculations in lead
by lowering the cut-off energy.

. - Experimental measurements of shower propagation have been made using
ionization chambers, Y scintillators, 10 photographic film, 11 spark chambers, 12, 13
ctoud chambers, 14 nuclear emulsions, 15 Cerenkov counters, 16 and bubble
chambers. 17 All of these methods have some disadvantages, especially for
measuring radial development of the showers. Some of these disadvantages

are limited intensity range of the detector, large energy dependence, large
physical size, laborious methods, and disturbance of the shower by the dec:ector.
In uddition, those methods which make measurements point by point require .ong
machine time and careful monitoring and data normalization to correct for

variations in beam intensity.
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The recent development of thermoluminescent dosimetry (\TL.D)18 seemer]
to ofter an excellent tool for the investigation of shower development, and a
preliminary experiment using LiF (TLD-700 Harshaw Chemical Co.)19 has
been published. 20 This detector was chosen because it has a flat energy response
- (Fig. 1), is linear over a wide dose range (Fig. 2), and has good precision over
this range (Fig. 3).

Essentially the introduction of a small volume of LiF into an absorber
satisfies the requirements of a Bragg-Gray cavifsyz1 and hence is a measure of
the energy loss in the surrounding medium. An advantage of using TLD to
measure energy deposition is that beam intensity monitoring is unnecessary,
other than requiring the absorbed dose in the LiF to be less than satur:ifién
(~ 105 R) at shower maximum. This is true because the LiF detectors are
integrating devices, have high sensitivity and hence respond to small doses,
and all of the detectors can be exposed in the absorber simultaneously.

This experiment uses the TLD method to measure the three-dimensional
cascade in lead and copper at 1 GeV using the Stanford Mark I electron accel-
erator. The results should be useful in determining the efficiency of a t‘;)tal '

absorption type detector.

II. EXPERIMENTAL PROCEDURE

Powdered TLD-700 LiF was funneled into thin-walled teflon tubing
(0.048-inch o.d., 0.034-inch i.d.) using a vibrator tool to cbtain uniform
packing, and the tubes were plugged at hoth ends. The bulk density was
measured to be 1. 64 g/cm"3. The copper consisted of plates which were

stacked to form a 12" x 12" x 24" absorber (Fig. 4). The middle plate was



grooved to hold the tubes. The lead absorber was in the form of 6" > 67 x 14"
plates, separated by air gaps of 0:050 inch, in which the LiF-loaded tubing was
. positioned (Fig. 5).

Using a glass plate, the beam spot size was found to be almost circular
with a diameter of less than 1/16 inch. The beam.energy was 1000 + 10 MeV.
Beam alignment is more critical in this experiment than in similar experiments
where the beam position may be found by trial and error during the course of the
experiment. For accurate positioning, two ZnS screens were placed at the front
and rear of the absorber, and with the absorber removed, the beam line determined.
Using a transit, the LiF-loaded absorber was then positioned such that the beam
- struck the middle of the first and last detectors located in the absorber.

After the exposures were made the detectors were removed from the blocks
and subsequently analyzed over a period of one month. There is less than 5% per
year decay of the thermoluminescence at room tempera‘cure.22 Each teflon tube
was cut into segments, the LiF vibrated out and weighed, and the light output
measured with a commercially available TLD reader (Controls for Radiation, Inc.).
The 'smallest segment that was capable of being handled was 0.185 cm in length,
which yielded about 0.9 mg of phosphor. This placed a limit on the resolution
of the detector. The smallest segments were taken around the peak of the profile,
but larger segments were required on the sides because the energy deposition
was considerably less and good resolution was not necessary there. Radial
resolution is poorest at the front of the absorber where the shower has not spread
very much, and becomes progressively better further into the block.

LiF powder from each cut was weighed on a torsion balance (Vereenigde
Draadfabrieken, Holland) which can weigh to + 0.025 mg,i.e., to about - 3"¢ for

the smallest samples. Figure 2wasthen used to determine the absorbed energy,
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and a profile curve obtained from all the readings in a string. Zero radius was
independently determined for each string by plotting the segment readings, and

finding the line about which the resultant curve was symmetrical.

III. EXPERIMENTAL RESULTS . . e .-

Table I (A through N) lists the data from the radial energy deposition
measurements in LiF at various depths in lead. Table II (A through K) lists
the same thing for copper. The energy deposition has been normalized to
sample weight. In Figs. 6 and 7 the normalized energy deposition versus the
radial distance is plotted for lead and copper, respectively. The center of each
-of tﬁese profile curves was chosen by symmetry.~ Data pcﬁnts for represéntative
depths are included on each figure. The measurement errors are only slightly

larger than the data circles themselves.

IV. | COMPARISON OF EXPERIMENT WITH MONTE CARLO CALCULATION

. - - ‘A-comparison between calculation and experiment'fequires that a consistent
choice of radiation length and critical energy values be used. Dovzhenko and
Pomanskii23 have pointed out that in the calculation of the radiation length units,
various authors took different account of the influence of the total screening, of
the processes in the field of the atomic electrons, and of the inaccuracy of the
Born approximation. This has caused the values of the radiation length units to
differ by 10~20%, which in turn has led to a discrepancy in the values of the
critical energies. They analyzed the causes of these discrepancies and listed
values for radiation lengths and critical energies of common substances, along
with equations to determine such values for complex substances. We have used
their values (Table III) throughout this paper (except in Fig. ¥).
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A comparison of three Monte Carlo calculations for a 1 GeV electron-~
initiated shower in lead with a 10 MeV cut-off is shown in Fig. 5, where there is
excellent agreement. The choice of the cut-off energy significantly affects the

shape of the transition curve. 6,78

Both for particle density and energy deposition,
lowering the cut-off energy shifts the peak deeper into the shower and decreases
(flattens) the slope in the tail. For comparison purposes we would like a calcu-
lation which uses a cut-off energy corresponding to that of LiF (~ 2 eV). The
calculation for lead with the lowest cut-off energy is by Nagel7 (Ee = 1.5 MeV,
E7 = (.25 MeV), and for copper is by Zerby and Moran6 (Ee = Ey = 2 MeV).

The amount of energy that is deposited in a qylindrical ring of volume
2mr drdt  at a distance r from the shower axisandata depth t in the shower
is given by E(r,t). Figure 9a shows a comparison of the Monte Carlo copper
calculé.tion with the present experiment and they appear to agree quite well.

A similar comparison is made for lead in Fig. 9b where the agreement is not

as good. Since the lead absorber consisted of alternate layers of lead and air,

a correction was made to account for the purely geometric spread. We chose

to x'iéw the absorber as a homogeneous mixture of lead and air with an abbarent
density of 9.5 g/cm3. This is probably a good approximation deep in the shower;
however, it is not accurate in the first few strings.

Since the Monte Carlo calculation is based on a delta function type incident
electron, while our beam was of a finite size, we would expect that the measured
E(®,1) histogram could be wider than the calculated one for a given depth. At
greater depths the effect of a finite beam. size should decrease. At the depthé
chosgen in Fig. 9a for copper, the effect of the beam size is notnoticible. The
experimental histogram at 10 radiation lengths for lead in Fig. 9b is closer to

the \onte Carlo histogram than that at 2.25 radiation lengths.
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Energy transition curves (longitudinal positron versus fraction of energy

deposited per radiation length) can be obtained from

AE(H) _ of E(r,t) dr
° S S E(r,t)drdt
o O ’

The integrations were performed graphically and the resultant transition curves
for the copper and lead experiments were compared with Monte Carlo calculations
(Figs. 10 and 11).

The slopes in the case of copper (Fig. 10) agree, but the measured position
of the shower maximum is deeper by approximately 0. 75 radiation length than
that calculated by Zerby and Moran6 using a cut-off energy of 2 MeV. One would
expect even closer agreement if the cut-off energy were lowered. This is because
the tail of the shower is predominantly due to photons which most probably have
energies close to the minimum of the mass absorption curve. The Pb curve
.calculation which carries photons to 0. 25 MeV will not be significantly affected
since the range of 0.25 MeV photons is short in Pb. In the case of copper, the
cut-off energy is 2 MeV where the photon range is considerable. inclusion of
lower energy photons will tend to carry the energy of the shower deeper. This
is clearly shown in the calculations of Zerby and Moran. 6

It has been suggested by Pinkau24 that a large change in the critical energy
prior to the depth at which the cascade is measured could result in some distortion
of the shower. For both the Pb and the Cu, the effect of the LiF is too small to
detect due to the small tubing diameter. |

It would be interesting to compare the slope of the measured transition
curve with a simple model; namely, the shower propagation after the maximum

is Jdue to photons having the lowest absorption coefficient. This has been done
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T : 17 .
by Nagel, ‘ Volkel,8 and Lengeler,” who concluded that the model was too simple.
They compared e"}\mint with transition curves for particle number using the mini~
mum attenuation coefficient. Since we are measuring energy deposition, it seems

more reasonable to use the energy absorption coefficient. Both slopes corresponding

' to attenuation and absorption are shown in Figs. 10 and 11. The absorption slope, in

the case of copper, is close to both the measured and Monte Carlo slopes. The
agreement is not as good in the case of lead. The model is probably too simple.

To determine the efficiency of a total absorption type detector, a knowledge
of the fraction of the energy that escapes,

Of E(r,t) dr dt

S
Ulr) r
S
)

Eo j,o
o

E(r,t)drdt

for various cylindrical volumes is useful. Figure 12 gives U/ Eo versus radius in
Moliére units for lead and copper. A Moliere unit, rl, is the characteristic
measure for radial distributions in analytic shower theory, 25 and is equal to
XoEs/ 60, where 60 is the critical energy of the material, X0 is the radiation
length,' and ES = 21.2 MeV. . Again there is good agreement between this experi-
ment and Monte Carlo calculation. The Monte Carlo calculations are for cylinders
of infinite length, whereas the experimental absorbers were fairly long, but finite.
By plotting the radial size in Moliére units, the copper and lead curves neariv
coincide. It would be convenient if all of the curves coincided not only indepenceriiv
of choice of absorber, but also of incident energy. Figpre 13 shows that this is tne
case for Monte Carlo calculations. It is interestiﬁg to see lrow oither experiments
agree with Monte Carlo calculations when plotted in this manner. Figure 14 shows
that Muratau is not too far from agreeing with the Monte Carlo calculation whereas

the Kintz and Hot‘stadterlo results do not agree.
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V. SUMMARY

The use of thermoluminescent dosimetry techniques to measure longitudinal
and radial shower propagation has proved to be quite effective. At 1 GeV incident
electron energy, the radial energy deposition curves have been measured and
found to agree quite well with Monte Carlo predictions. The energy transition
curves in lead and copper, obtained by integrating the radial distributions, agree
very well in the case of copper, and reasonably well for lead.

The fraction of incident energy that escapes an infinitely long cylinder of
radius r in Moliére units is plotted and it is observed that most of the existing
Monte Carlo and experimental-data, including this experiment, coincide independently

of choice of absorber and incident energy.
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9a.

9b.

10.

11.

FIGURE CAPTIONS
Energy dependence of LiF. ’faken from Cameron, et al. 22
Thermoluminescent response of LiF, measured with Co60 gamma ravs.
Measurement precision using the TLD technique.
The copper absorber showing the relative positions of the LiF detectors.
(a) Exploded view; (b) Assembled view.
A cutaway view of the lead absorber showing the relative positions of the
LiF detectors. |
Energy deposition profile curves for 1 GeV electrons incident on lead.
Measured points are shown for a representative depth. Errors are slightly
larger than the data circles. Effective density = 9.5 g/crn3 (see text).
Energy deposition profile curves for 1 GeV electrons incident on copper.
Measured points are shown for a representative depth. Errors are slightly
larger than the data circles.
A comparison of three Monte Carlo calculations for an electromagnetic
cascade shower initiated by a 1 GeV electron in lead. A cutoff energf«' of
10 MeV and a radiation length of 5.8 g/cm_2 was used.
A histogram plot of E(r,t) for copper, comparing the results of this
experiment with a Monte Carlo calculation at two different shower depths.
A histogram plot of E(r,t) for lead, comparing the results of this
experiment with a Monte Carlo calculation at two different shower depths.
Longitudinal energy deposition in copper. A comparison of this experiment
with a Monte Carlo calculation. X0 =13.0 g/cmuz, p = B8.89 g/cm_g,
Longitudinal energy depositidn in lead. A comparison of this experiment
with a Monte Carlo calculation, X_=6.4 g/cm-z,. p =11.35 g/cm'3.
Fraction of the incident energy that escapes various ecylindrical volumes.
A comparison of this experiment with Monte Carlo calculations.
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L3.

14.

Fraction of the incident energy that escapes various cylindrical volumes.

A comparison of Monte Carlo results showing the independence of the

choice of absorber and of incident energy.

Fraction of the incident energy that escapes various cylindrical volumes.

A comparison of Monte Carlo calculations with other experiments.
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TABLE I-A

Radial Increment

LEAD
String No. 1

Depth = 0,25 inch

Normalized Energy Deposition

Radial Increment

I'ABLE 1-B LEAD
String No. 2

Depth = 0. 50 inch

Normalized Energy Deposition

(Units of 0.185 cm) (Roentgens)
0-6 0.36
6 - 12 2.23
12 - 18 320.0
18 - 20 23.5
20 - 24 3.02
24 - 30 0.52
30 - 42 0.12

TABLE I-C

Radial Increment
(Units ol 0.185 cm)

LEAD
String No. 3

Depth = 0. 75 inch

Normalized Energy Deposition

(Roentgens)

0.38

(Units of 0.185 cm) (Roentgens)
0-6 0.23
6 - 12 0.57

12 - 15 1.55
15 - 18 5.54
18 - 20 22,4
20 ~ 21 65.7
21 -22 210.6
22 - 23 1170.0
23 - 24 3000.0
24 - 25 790.0
25 - 26 147.0
26 - 28 33.8
28 - 30 9,76
30 - 33 2.74
33 -39 0.70

TABLE I-D

Radial Increment
(Units of 0.185 ¢m)

LEAD
String No. 4

Depth = 1. 00 inch

Normalized Energy Deposition

(Roentgens)
0. 20

0.78

0-6

G -9

9 - 12
12 - 14
1+ - 16
16 - 1%
18 - 19
19 - 20
20 - 21
21 - 22
22 - 23
23 - 24
24 - 26
26 - 28
28 - 30
30 - 33
33 -39
39 - 45

4600.0
1290.0

227.0

0-6
6 -12
12 - 15
15 - 18
18 - 21
21 - 24
24 - 25
25 - 26
26 - 27
27 - 30
30 - 338
33 - 36
36 - 39
39 - 45

1.76

4.84

19.52
236.0
2470.0
3070.0
760.0
106.5

14.07



TABLE 1-E  LEAD
TABLE I-F LEAD
String No. 6

Depth = 1.50 inches

String No. 5 .
Depth = 1. 25 inches

Radial Increment Normalized Encrgy Deposition Radial Increment

Normalized Energy Deposition

{Units of 0. 185 ¢m) {Roenigens) (Units of 0. 185 cm) (Roentgens)
0-6 0.55 0-6 0.40
6-9 1.12 6 -12 1.55
9 -12 2.15 12 -15 4,35
12 - 15 5.54 15 - 18 14.07
15 - 17 14.77 18 - 21 73.7
17 - 18 32.0 21 - 22 298.0
18 - 19 67.9 22 - 23 750. 0
19 - 20 143.5 23 - 24 710. 0
20 - 21 463.0 24 - 25 285. 0
21 - 22 1340.0 25 - 27 91.4
22«23 1580.0 27 - 30 29.6
23 ~ 24 550.0 30 - 33 5.57
24 - 25 181.9 33 - 36 2.14
25 - 27 81.9 36 - 42 0.84
27 - 29 23.9
29 ~ 32 6.14
32 - 35 2.29
35 - 38 2.37

I'ABLE I-G

LEAD

TABLE I-H

LEAD

Siring No. 7 String No. 8

Depth = 1. 75 inches Depth = 2.00 inches

Radial Increment Normalized Energy Deposition Radial Increment Normalized Energy Deposition

(Units of 0.185 cm) (Roentgens) (Units ol 0. 185 cmy} (Roentgens)

0-6 0.53 0-6 0.46
G -9 1.07 6 -12 1.31
9 - 12 1.94 12 -15 3.48
12 - 15 4.24 15 - 18 8.49
15 - 18 10.8 18 - 20 24.1
1N - 20 32.8 20 - 21 39.4
20 - 21 71.5 21 - 22 76.1
21 - 22 132.7 22 - 23 143.0
22 - 23 300.0 23 - 24 196. 0
23 - 24 465.0 24 - 25 128.0
24 - 25 237.0 25 - 26 66.4
25 - 26 106.9 26 - 28 26. 7
26 - 28 43.6 28 - 30 11.54
28 - 30 15.9 30 - 33 4.99
30 - 33 5.80



Radial Increment

TABLE I-1 LEAD
String No. 9
Depth = 2.25 inches .

Normalized Energy Deposition

(Units ol 0.185 e¢m) (Roentgens)
0 -6 0.43
6 -9 0.89
9-12 1.7

12 -15 3.93
15 - 18 10.55
18 - 20 30.0
20 - 21 53.2
21 - 22 96.5
22 - 23 112.9
23 - 24 61.6
24 - 25 34.0
25 - 27 18.8
27 - 30 8.04
30 - 33 3.30
33 - 36 1.58
36 - 42 0.66
42 - 48 0.25

TABLE 1-X LEAD
String No. 11

Depth = 2,75 inches

Radial Increment Normalized Energy Deposition
(Units of 0.185 cm) (Roentgens)
0-12 0.09
12 - 18 0.30
18 - 24 0.69
24 - 27 1.60
27 - 30 2.77
30 - 32 5.44
32 - 34 8.97
34 - 35 17.0
35 - 36 23.2
36 - 37 32.3
37 - 3R 29.5
38 -39 15.9
39 - 41 10.37
41 - 43 5.15
43 - 45 2.83
45 - 48 1.57
48 - 51 0.93
51 - 57 0.44

Radial Increment
(Units of 0.185 cm)

0-6

6 -12
12 -15
15 - 18
18 - 20
20 - 22
22 - 23
23 - 24
24 - 25
25 - 26
26 ~ 27
27 - 28
28 - 30
30 - 32
32 - 34
34 - 37
37 - 40

40 - 46

Radial Increment
(Units of 0.185 cm)

0-6
6-12
12 - 15
15 - 18
18 - 21
21 - 24
24 - 26
26 - 27
27 - 29
29 - 32
32 - 35
36 - 38
38 - 41
41 - 47

TABLE 1-J LEAD
String No. 10

Depth = 2,50 inches

Normalized Energy Deposition
(Roentgens)

0.26

5.65
11.14
18.40
29.7
50.2
60.6
37.5
24,2

12.64

1.95

0.91

TABLE I-L  LEAD
String No. 12
Depth = 4. 00 inches

Normalized Energy Deposition
{Roentgens)

0.20
0.52
1.02
1.72

3.62

20.8

12.8



TABLE 1-M  LEAD A TABLE I-N LEAD

String No. 13 String No. 14
Depth = 3. 25 inches Depth = 3. 30 inches
Radial Increment Normalized Energy Deposition Radial Increment Normalized Energy Deposition
{Units of 0.185 cm) (Roentgens) (Units of 0.185 cm) (Roentgens)
0-6 0.10 0-6 0.18
6 -12 ‘ 0.24 6 -12 0.42
12 - 18 0.54 12 - 15 0.73
18 - 21 1.14 15 - 18 1.36
21 - 24 2,14 18 - 20 2.16
24 - 26 4.17 20 - 22 3.92
26 - 28 7.80 22 - 24 5.86
2% - 30 10.6 24 - 26 4.39
30 - 32 6.08 26 - 28 2.60
32 - 34 2.88 28 - 31 1.50
34 - 37 1.67 31 - 34 0.83
37 - 40 0.98 34 - 40 0.40
40 - 46 0.46 40 - 46 0.16
46 - H2 . 0.19
TABLE II-A COPPER TABLE 1I-B  COPPER
String No. 1 String No. 2
Depth = 0.25 inch Depth = 0.50 inch
Radial Increment Normalized Energy Deposition Radial Inerement Normalized Energy Deposition
(Units of 0. 185 em) (Roentgens} (Units of 0.135 cm) (Roentgens)
0-3 0,46 - 0-18 0.102
3 -5 2.52 18 - 24 1.02
5-6 8.54 24 - 27 23.0
6 -7 35.1 27 - 28 241.0
7-8 397.6 28 - 29 1900.0
8 -9 662.3 29 - 30 354.0
9 -10 46.42 ' 30 - 31 53.9
10 - 11 10.94 31 - 33 10.7
11 ~ 13 6.38 33 - 36 1.41

13 - 15 0.53 36 - 48 0.19



TABLE I-C  COPPER TABLE II-D COPPER

String No. 3 String No. 4

Depth = 1. 00 inch Depth = 1. 50 inches
Radial Increment Normalized Energy Deposition Radial Increment Normalized Encrgy Deposition
{Units of 0.185 cm) (Roentgens) (Units of 0.185 cm) (Roenlgens)
0 -12 0.35 0-12 0.21
12 - 18 8.98 12 - 18 0.81
18 - 20 157.0 18 ~ 24 12.7
20 - 21 1460.0 24 - 26 173.0
20 - 22 3400.0 26 - 27 1000. 0
22 - 23 626.0 27 - 28 3550.0
23 - 24 137.0 28" - 29 1710.0
24 - 27 23.7 29 - 30 379.0
25 0 - 30 - 32 83.42
IV 0.34 32 - 36 10.0
30056 0.23 36 - 42 1.08
42 - 48 0.25
TABLE I-E COPPER TABLE O-F COPPER
String No. 5 String No. 6
Depth = 2,00 inches Depth = 2. 50 inches
Radial Increment Normalized Energy Deposition Radial Ilnerement Normalized Energy Deposition
{linits of 0. 185 ¢m) (Roentgens) (Units ol 0.185 em) (Roentgens)
0~ 12 0.41 g - 12 0.13
12 - 18 3.09 12 - 24 0.83
15 - 24 181.0 24 - 30 8.2
24 - 25 2400. ¢ 30 - 32 42,2
25 - 26 2360. 0 32 - 34 185.0
26 - 27 755.0 34 - 35 710.0
27 - 28 218,0 35 - 36 1780. 0
IR - 29 85,3 36 - 37 1720.0
20 - 31 24,2 37 - 38 589. 0
31 - 33 8. 82 38 -0 165. 0
33 -39 1.96 -4z 36.3
39 - 48 0.38 12 - 4% 6. 74
d8 - 54 0.94

M4 - 66 0.23



Radial Increment
(Units of 0.185 cm)

0-6

6 -12
12 - 15
15 - 18
13- - 19
19 - 20
20 - 21
21 - 22
22 - 24
24 -~ 27
27 - 30
30 - 33
33 - 36

Radial Increment
(Units of 0.185 cm)

14

16

17

18

19

20

22

- 20

- 22

- 24

- 26

- 36

- 42

TABLE II-G COPPER
String No. 7

Depth = 3. 00 inches

0.

3.
18.
133.
650.
1300.
900.
359.
112,

24,

TABLE II-1 COPPER
String No. 11

Depth = %, 00 inches

0.
4.
14,
36.
76.
136.
140.
80.

39.

Normalized Energy Deposition
(Roentgens)

75

70

.98

.98

Normalized Energy Deposition
(Roentgens)

96

70

5

.14
.16

.06

Radial Increment
{Units of 0.185 cm)

0-6
6-12
12 - 18
18 - 21
21 - 24
24 - 25
25 - 26
26 - 28
28 - 30
30 - 33
33 - 36
36 - 42
42 - 48

Radial lncrement
(Units of 0.185 cm)

0-6
6 -12
12 - 18
18 - 2¢
20 - 22
22 - 23
23 - 24
24 - 25
25 - 26
26 - 27
27 - 28
28 - 30
30 - 32
32 - 34
34 - 36
36 - 42
42 - 48

TABLE 0-H COPPER
String No2. 9

Depth = 4. 30 inches

0.
1.
6.
29,
172.

441.

109.
34.

12.

TABLE II-J COPPER
String No. 13

Depth = &.00 inches

Normalized Energy Deposition
(Roentgens)

46

38

33

6

Normalized Energy Deposition
(Roentgens)

0.34

0.80

2.27

6.

01

10.6

20.3

30.7

57.

1

77.6



TABLE II-K COPPER
String No. 15

Depth = 8. 00 inches

Radial Increment Normalized Energy Deposition
(Units of 0.185 cm) (Roentgens)
0-12 0.30
12 - 18 1.23
18 - 21 4.33
21 - 24 17.0
24 - 27 6.05
27 - 30 . 2.00
30 - 36 0.75
36 - 42 - 0.30
TABLE III

VALUES OF RADIATION LENGTHS AND CRITICAL
ENERGIES FOR VARIOUS MATERIALS

Critical Energy

Radiation Length €,(MeV)

Material Xo(g’cm—z) (with density effect)
Lead 6.4 7.4
Copper 13.0 18.8

Li'F 39.8 65.3

Air 37.1 812

2 The correction for the density effect is negligibly small for gases and is not
accounted for in this value.



