PHYSICAL REVIEW A

VOLUME 40, NUMBER 5

SEPTEMBER 1, 1989

Distribution of energy deposited by a moderately intense 26-MeV electron beam
in thick metal targets

A. Stolovy, J. M. Kidd, A. I. Namenson, M. 1. Haftel, G. H. Herling, and J. B. Aviles, Jr.
Naval Research Laboratory, Washington, D.C. 20375-5000
(Received 23 March 1989)

Experiments have been performed with the moderately intense electron-beam pulses (8 kA/cm?
peak) at the Los Alamos National Laboratory pulsed high-energy radiographic machine emitting x-
rays (PHERMEX) facility and with the much weaker beam at the Naval Research Laboratory linac,
to measure energy absorption in Al, Ti, and W targets. The energy spectra at the two facilities were
similar, with an average energy of about 26 MeV. A calorimetric method was used to measure the
deposited energy. The experimental results are compared to each other and to Monte Carlo in-
tegrated “tiger” system (ITS) code calculations. Calorimeters consisting of two and four sections
were used. The linac data were in good agreement with single-electron code calculations. Evidence
for collective effects appears as a redistribution of the absorbed energy in the PHERMEX data, al-
though the beam intensity is very much lower than in previous investigations of this effect.

I. INTRODUCTION

In recent years, there has been a lot of interest in the
phenomenon of anomalously large energy deposition by
an intense beam of charged particles incident on a solid
target. The interest has been spurred by the application
to thermonuclear fusion problems. Several experiments
have been performed with intense electron-beam pulses to
demonstrate the effect.'”* In these experiments, the elec-
tron energy was 0.5—-1 MeV, the targets were very thin
(10~100 um), and beam current densities on target were
very high (10°~10" A/cm?). Under these conditions,
enhancements of 5-10 over single-electron stopping
power calculations were observed. Enhanced stopping
power has also been observed with intense deuteron* and
molecular-ion>°® beams.

Theoretical work has provided several collective mech-
anisms by which a very intense electron beam could pro-
duce such an effect: self-induced magnetic and electric
fields which result in beam stagnation,7710 the beam-
density effect and related wake effects,!! ™3 temperature
and plasma-density (or ionization) effects,'* and two-
stream plasma instability effects.>!> Some of these effects
are interrelated; the references cited are only an appropri-
ate sampling of the large amount of theoretical work
which has been done.

The main purposes of this work are to see if enhanced
energy deposition due to collective effects is observable at
electron-beam intensities which are two to three orders of
magnitude lower than in any previous such investigation,
and to obtain the distribution of deposited energy in thick
targets, using a much higher energy beam (26 MeV) than
used previously. We have made quantitative measure-
ments of energy deposition in Al, Ti, and W targets with
weak (5 A/cm?) and relatively intense (8 kA/cm?) elec-
tron beams at two facilities. At these intensities, the
plasma-related effects given above are probably not appl-
icable.

Since the energy absorbed by the target is rapidly dis-
tributed, we have used a calorimetric technique to mea-
sure the deposited energy in sectioned targets. The ener-
gy deposited is obtained from the product of the mass,
specific heat, and observed temperature rise. Measure-
ments were made with relatively high-intensity beam
pulses at the Los Alamos National Laboratory (LANL)
pulsed high-energy radiographic machine emitting x-rays
(PHERMEX), and with low-intensity beam pulses at the
Naval Research Laboratory (NRL) linac. Monte-Carlo
electron-photon shower code [integrated tiger system or
ITS (Ref. 16)] calculations were also made, and were com-
pared to both sets of experimental results. The same
average beam energy was used at the two facilities.

II. EXPERIMENTAL DESCRIPTION
A. Two-section calorimeters

The first series of experiments was done on calorimeter
assemblies consisting of two insulated sections: a sample
section thick enough to absorb one-fourth to one-half of
the incident electron energy, and a copper beam stop sec-
tion more than thick enough to absorb the rest of the
electron energy. An illustration of this cylindrical assem-
bly is shown in Fig. 1. The sections are tapered to catch

TABLE I. Characteristics of two-section calorimeter assem-
blies. Specific heats for Al, Ti, and Cu are 0.216, 0.125, and
0.0925 cal/g°C, respectively. All Cu beam stops were 1.91 cm
thick.

Cu beam stop

Thickness Mass mass
Calorimeter ~ Material (cm) (g) (g)
1 Al 0.635 7.69 174.41
2 Al 1.27 17.60 207.35
3 Ti 0.635 13.08 174.58
4 Ti 1.27 29.35 206.25
Work of the U. S. Government
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FIG. 1. Two-section calorimeter assembly consisting of a ta-
pered sample and a tapered copper beam stop, with attached
thermocouples (cylindrical geometry).

the scattered electrons while minimizing mass. Some of
the bremsstrahlung produced is absorbed farther down-
stream, but much of it escapes the system. As shown,
two Chromel-Alumel (0.0127-cm-diam) thermocouples
are screwed to both the sample and Cu beam stop, one at
the center and one at the edge. This allows us to observe
the spatial distribution of the deposited energy as a func-
tion of time until thermal equilibrium is established.
Four modules of this type were made, including two
thicknesses of type 6061 aluminum alloy and two
thicknesses of titanium alloy (6 wt. %. Al, 4 wt. % V).
The thicknesses, masses, and specific heats of the materi-
als used in these four calorimeters are listed in Table I.

The sections are imbedded in styrofoam to isolate them
thermally. In this way, we have separated a region where
the beam current density is intense (in the Al or Ti sam-
ple), from a region where it is much weaker (in the Cu
beam stop) due to beam spreading. The energy absorbed
in each section is the product of the mass, specific heat
(given in Table I), and the observed temperature rise.
The latter is obtained from the average of the equilibrium
temperatures for the two thermocouples attached to each
section.
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FIG. 2. Four-section calorimeter assembly consisting of four
disks of the same metal, with attached thermocouples (cylindri-
cal geometry).

The same calorimeters were exposed at the linac and
PHERMEX facilities. The ratio of the energy absorbed
in the Al or Ti sample to the energy absorbed in the beam
stop should then be a parameter that would be sensitive
to any difference in absorption in the two sections at the
two facilities.

B. Four-section calorimeters

In order to study the energy deposition in metals in
more detail, we constructed three calorimeter assemblies,
each of which had four sections, as shown in Fig. 2. The
first assembly contained aluminum sections; the second,
titanium sections; and the third, tungsten sections, in or-
der to look for a possible Z dependence. In each case, the
total thickness is about 20% greater than the continuous
slowing down approximation range!’ of the maximum
beam electron energy, to ensure that all the electrons are

TABLE II. Characteristics of four-section calorimeters.

Specific heat Thickness Mass
Material (calg™!°C™} Section (cm) (g)
Al 0.216 1 1.52 21.46
2 1.27 27.28
3 1.27 53.23
4 1.27 108.40
Ti 0.125 1 0.79 17.42
2 0.79 28.32
3 0.79 55.36
4 0.79 113.37
w 0.033 1 0.16 14.97
2 0.16 23.10
3 0.16 44.84
4 0.16 91.46
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FIG. 3. Energy spectrum of the PHERMEX beam.

stopped. The sections again are imbedded in styrofoam
to provide thermal isolation, and each has a Chromel-
Alumel thermocouple (0.0127 cm diam) attached near the
edge. All of the calorimeters were exposed to beam
pulses at the two accelerator facilities. Thus we were able
to compare energy depth profiles for high-intensity and
low-intensity beams with each other, and with Monte
Carlo code calculations. The masses, thicknesses, and
specific heats of the four-section calorimeters are given in
Table II.

C. Accelerator characteristics

The NRL linac produces electron-beam macropulses
with the following average characteristics: 10-60 MeV,
0.3 A, 1.5 us width, and 360 pulses/s. Each of these ma-
cropulses consists of many micropulses with the charac-
teristics given in Table III. The PHERMEX produces a
single burst of 10 micropulses, with parameters as listed
in Table III. Because of both more peak current and a
smaller beam area, it is seen that the peak micropulse
current density at PHERMEX is about 1500 times that
at the linac. It is this large difference in intensity that en-
abled us to search for a difference in absorption in solid
targets. We used metal targets because they come to
thermal equilibrium in a few seconds, allowing the use of
a simple calorimetric method of measurement.

Both accelerators produce electron beams with a
spread of energies. The energy spectrum of the PHER-
MEX beam, with an average energy of 26 MeV, has been
measured with a magnetic spectrometer;'® it is shown in
Fig. 3. Similarly, we have measured the linac beam spec-
trum at an average energy of 26 MeV with a magnetic
spectrometer and radiachromic film as a detector; the re-
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FIG. 4. Energy spectrum of the linac beam.

sults are shown in Fig. 4. Fortunately, the shapes of
these spectra are quite similar; each exhibits a peak with
a long low-energy tail. The ratio of full width at half
peak maximum to average energy is about 15% in both
cases. The Monte Carlo code calculations were done us-
ing the appropriate spectra for input. A few calculations
were done with the spectra delibrately switched, which
produced only small changes in the results (1-4 %). This
is certainly fortunate, because the depth-deposition
profile is dependent upon the incident spectrum. The
similarity of the spectra allows us to compare the results
obtained at the two facilities directly.

D. Procedure

Signals from the Chromel-Alumel thermocouples are
routed through high-gain amplifiers to a four-channel
chart recorder. Equilibrium temperatures are obtained
from these temperature versus time records. The ob-
served temperature rise AT ranges from about 38°C (first
section of W calorimeter at the PHERMEX) to about
0.05°C (last section of Al calorimeter at the linac). The
uncertainty in these measurements is about 1% for
AT > 1°C, and about 10% for AT <0.1°C.

Although the energy deposited per macropulse at the
linac is very low, we obtained satisfactory signal strength
by exposing the calorimeters to many macropulses
(10-40), and increasing the amplifier gains. Experiments
were performed with each of the two- and four-section
calorimeters, in two periods, and at both accelerators.
During each period, experiments with each module were

TABLE III. Micropulse parameters at the linac and PHERMEX.

Pulse Pulse Pulse Beam Peak current
height width spacing area® density
Facility (A) (ns) (ns) (cm?) (A/cm?)
Linac 4.2 0.025 0.35 0.80 5.25
PHERMEX 400 3.8 20 0.05 8000

?At half maximum.



40 DISTRIBUTION OF ENERGY DEPOSITED BY A MODERATELY ... 2561

repeated about six times, and the results averaged.

The calorimeters were irradiated in air, close to the
thin exit window at each accelerator (0.254 mm Be at the
PHERMEX, 0.025 mm stainless steel at the linac). It is
important that the beam interact with as little material as
possible before entering the calorimeter; the downstream
sections of the calorimeters were very sensitive detectors
of bremsstrahlung produced by the beam striking materi-
al upstream. Indeed, early data taken with a graphite
and steel collimator in the beam were discarded because
of the large y-ray background. Background measure-
ments were made by placing the calorimeters to the side
of the beam. With nothing in the beam (except the thin
exit window), the background was found to be very small
in all cases.

Nylon radiachromic films (which turn blue in propor-
tion to their exposure to the beam) were used to align the
calorimeters with the beam center. These films were
scanned with an optical densitometer to obtain the beam
profiles. The full width at half maximum was found to be
11 mm at the linac, and 2.5 mm at the PHERMEX.
These are both much smaller than the diameters of the
metal sections.

III. RESULTS

A. Two-section calorimeters

The observed temperature rise and calculated absorbed
energy E (using the information in Table I) for the two-
section calorimeters are tabulated in Table IV for data
obtained at the PHERMEX during two separate observa-
tion periods. These tabulated numbers are averages over
about six runs each. The uncertainties quoted are stan-
dard deviations of the mean; they do not include any
sources of systematic error.

It can be seen that the beam intensity was a little lower
during the second observation period. This is of no
consequence since we are concerned only with the distri-
bution of the deposited energy.

These calorimeters were then exposed to multiple beam
pulses at the linac with the average electron-beam energy
also set to 26 MeV. No attempt was made to match the
total-energy absorption at the PHERMEX, since it is
only the distribution we are interested in. The experi-

ments at the linac were also done in two periods; i.e., the
reproducibility of the experiments was checked by re-
turning to each accelerator after a time lapse, with the
machines reset to their original beam parameters. The
results are tabulated in Table V. The uncertainties are
standard deviations of the mean.

We now combine the data from the two observation
periods, and obtain the ratio between the energy absorbed
in each sample to the energy absorbed in the correspond-
ing Cu beam stop. Experimental and calculated (Monte
Carlo ITS code) results are given in Table VI. The calcu-
lations are based on the calorimeter and beam geo-
metries, and the beam-energy spectra (Figs. 3 and 4).
The uncertainties in the calculated ratios given in Table
VI are assumed to be about 5%.!° For the experimental
data, the uncertainties reflect observed differences be-
tween the two observation periods, as well as standard
deviations of the mean.

The linac data are seen to yield ratios which are a little
higher than the code calculation predicts, but they differ
by less than 25%, indicating that single-electron interac-
tions are a reasonable description for this beam. In con-
trast, the PHERMEX data yield ratios which are consid-
erably higher than those for the code calculations or the
linac results, indicating anomalously large absorption in
the Al or Ti sample with this intense beam. The effect is
larger in Ti than in Al samples of the same thickness.
The largest effect appears in the thicker Ti sample, where
the PHERMEX ratio is 63% greater than the linac ratio,
and is twice the calculated ratio.

B. Four-section calorimeters

Experiments with four-section calorimeters were also
carried out during two observation periods at both facili-
ties, and compared to calculations. The observed average
temperature rise and calculated energy deposition in each
section of the Al, Ti, and W calorimeters (using the infor-
mation given in Table II) are listed for the PHERMEX
data in Table VII, and for the linac data in Table VIII.
The uncertainties given in these tables are standard devi-
ations of the mean. Errors associated with mass mea-
surements or heat capacities are assumed to be very
small. Note that the instrumentation is capable of
measuring a AT as small as 0.1 °C with good accuracy. In

TABLE IV. Observed temperature rise AT, and calculated absorbed energy E, for one PHERMEX macropulse into the two-
section calorimeters, for two observation periods. Data are averages over several runs. The calorimeter numbers on the column

headings refer to the calorimeter numbers in Table I.

1 1 2 3 3 4 4
Calorimeter Al Cu Al Ti Cu Ti Cu
Period 1
AT (°C) 8.74+0.13 3.78+0.02 7.50+0.19 2.68+0.02 13.62+0.30 3.08+0.02 11.75+0.18 1.31+0.01
E (cal) 14.51+0.22 61.05+0.32  28.53+0.72 51.32+0.39  22.274+0.49 49.80+0.32 43.09+0.67 25.06*0.14
Period 2
AT (°C) 6.78+0.03 3.31+0.05 6.05+0.02 2.01+0.02 12.00+0.13 2.26+0.04 10.04+0.05 0.85+0.01
E (cal) 11.25£0.05 53.47£0.79 23.02+0.09  38.54+0.44 19.62+0.21 36.50+0.65  36.83+0.20 16.25+0.25
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TABLE V. Observed temperature rise AT, and calculated absorbed energy E, for multiple pulses at the NRL linac into the two-
section calorimeters, for the two observation periods. Data are averages over six runs. The calorimeter numbers on the column
headings refer to the calorimeter numbers in Table 1.

1 1 2 2 3 3 4 4
Calorimeter Al Cu Al Cu Ti Cu Ti Cu
Period 1
AT (°C) 1.64+0.05 0.93+0.03 2.00+0.05 0.86+0.03 2.90%0.02 0.88+0.01 2.48+0.11 0.37+0.02
E (cal) 2.73+0.07 15.00+0.51 7.60+0.19 16.47+0.50 4.75+0.04 14.25+0.06 9.08+0.41 7.1410.41
Period 2
AT (°C) 2.96+0.05 1.78+0.03 2.69+0.01 1.19£0.01 4.87+0.04 1.46+0.01 4.26+0.03 0.71+0.01
E (cal) 4.91+0.08 28.75+0.45 10.21+0.04 22.79+0.08 7.96+0.06 23.64+0.10 15.61+0.10 13.45+0.11

TABLE VI. Measured and calculated ratios of energy absorbed in the sample to that in the Cu beam
stop, for the two-section calorimeters.

Thickness Linac PHERMEX
Calorimeter Material (cm) ITS code data data
1 Al 0.635 0.15+0.01 0.18+0.01 0.23+0.03
2 Al 1.27 0.37+0.02 0.46+0.02 0.58+0.03
3 Ti 0.635 0.29+0.01 0.34+0.01 0.50+0.06
4 Ti 1.27 1.01+0.05 1.23+0.12 2.00+0.30

TABLE VII. Observed temperature rise AT and calculated deposited energy E for one PHERMEX macropulse into the four-
section calorimeters, for two observation periods. Data are averages over several runs. Uncertainties are standard deviations of the
mean.

Calorimeter Period 1 Period 2
material Section AT (°C) E (cal) AT (°C) E (cal)

Al 1 6.17+0.09 28.62+0.42 6.09+0.11 28.23+0.53
2 3.41+0.05 20.10+0.30 3.31+0.07 19.50+0.40
3 0.93+0.02 10.69+0.23 0.79+0.01 9.11£0.11
4 0.13+0.01 2.93+0.16 0.05+0.01 1.17+0.16

Ti 1 9.71+0.07 21.15+0.16 10.81+0.11 23.53+0.24
2 5.84+0.04 20.66+0.16 6.18+0.08 21.88+0.29
3 1.50+0.02 10.36+0.16 1.38+0.02 9.55+0.12
4 0.20+0.01 2.76+0.18 0.10+0.01 1.39+0.20

w 1 37.68+0.19 18.33+0.09 25.36+0.52 12.34+0.25
2 22.00+0.18 16.51+0.13 10.70+0.18 8.03+0.14
3 4.51+0.06 6.58+0.09 1.74+0.03 2.544+0.04
4 0.87+0.02 2.594+0.05 0.49+0.01 1.45+0.03
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TABLE VIII. Observed temperature rise AT and calculated deposited energy E for multiple linac pulses into the four-section
calorimeters, for two observation periods. Data are averages over several runs. Uncertainties are standard deviations of the mean.

Calorimeter Period 1 Period 2
Material Section AT (°C) E (cal) AT (°C) E (cal)

Al 1 1.39+0.16 6.4410.74 5.31+£0.03 24.61+0.12
2 0.78+0.11 4.60+0.65 3.04+0.02 17.91£0.11
3 0.23+0.05 2.64+0.57 1.00+0.02 11.50+0.17
4 0.06+0.01 1.40+0.30 0.231+0.01 5.39+0.16

Ti 1 2.47+0.05 5.38+0.11 9.01+0.06 19.62+0.13
2 1.58+0.03 5.59+0.11 5.47+0.05 19.36+0.18
3 0.51+0.02 3.53+0.11 1.71+£0.02 11.83+0.16
4 0.101+0.01 1.42+0.17 0.32+0.01 4.53+0.14

w 1 6.10+0.17 2.97+0.08 7.89+0.05 3.84+0.03
2 4.45+0.13 3.34%0.10 5.18+0.02 3.89+0.01
3 1.40+0.04 2.04+0.05 1.38+0.02 2.01+£0.02
4 0.33+0.01 0.98+0.03 0.28+0.01 0.83+0.01

TABLE IX. Distribution of energy deposited in the four-section calorimeters for the linac and PHERMEX beams with the aver-
age energy set at 26 MeV, and Monte Carlo code calculations for comparison. The numbers listed are fractions of total deposited en-
ergy. The uncertainties are standard deviations of the mean.

Calorimeter PHERMEX data Linac data ITS code
material Section Period 1 Period 2 Period 1 Period 2 calculation
Al 1 0.459+0.007  0.487+0.009 0.426+0.049  0.414+0.002 0.391+0.020
2 0.322+0.004 0.336+0.007 0.308+0.043 0.301+0.002 0.307+0.015
3 0.171£0.004 0.157+0.002 0.174+0.038 0.194+0.003 0.208+0.010
4 0.047+0.013 0.020+0.003 0.092+0.007 0.091+0.003 0.094+0.005
Ti 1 0.385+0.003 0.418+0.004 0.338+0.007 0.355+0.002 0.334+0.017
2 0.376+0.003 0.388+0.005 0.351+0.008 0.350+0.003 0.350+0.018
3 0.189+0.003 0.169+0.002 0.222+0.007 0.214+0.003 0.231+0.012
4 0.050+0.003 0.025+0.004 0.089+0.005 0.081+0.003 0.085+0.004
w 1 0.416+0.002 0.506+0.010 0.318+0.009 0.363+0.003 0.352+0.018
2 0.375+0.003 0.330+0.006 0.357+0.011 0.367+0.001 0.378+0.019
3 0.150+0.002 0.104+0.001 0.219+0.005 0.190+0.002 0.195+0.010
4 0.059+0.001 0.060+0.001 0.106+0.003 0.080+0.001 0.076+0.004

TABLE X. Effective collisional stopping powers of three metals for 26 MeV electron pulses at the
PHERMEX facility, compared to single-electron values. The units are MeV cm?/g.

Two-section Two-section Four-section Single-

calorimeter calorimeter calorimeter electron
Metal (0.635 cm thick) (1.27 cm thick) (first section) calculation
Al 2.15+0.22 2.20%+0.22 2.02+0.20 1.73+0.09
Ti 2.01£0.20 2.02+0.20 1.73£0.17 1.61+0.08

w 1.73£0.17 1.30+0.07
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FIG. 5. Comparison of normalized distributions of deposited
energy in the four-section Al calorimeter, as measured at the
linac and PHERMEX facilities, and as calculated with the ITS
code. Distances are from the front face of the calorimeter as-
sembly to the center of each section (Fig. 2). Uncertainty in the
calculated curve (dashed line) is about 5%.

some cases, considerable differences can be seen between
the data taken in the two PHERMEX observation
periods. This is due entirely to differences in accelerator
conditions, and gives us a measure of the nonrandom un-
certainties associated with these data. The large
differences between the data from the two linac observa-
tion periods are due primarily to the number of pulses in-
cident on the calorimeters, which varied from 10-40
linac macropulses. Since it is only the distribution of de-
posited energy we are concerned with, we convert the
data in Tables VII and VIII into fractions of total ab-
sorbed energy, so that the sum of the fractional energies
deposited in the four sections is unity. Values of these
normalized data for the two observation periods are given
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FIG. 6. Comparison of normalized distributions of deposited
energy in the four-section Ti calorimeter as measured at the
linac and PHERMEX facilities, and as calculated with the ITS
code. Distances are from the front face of the calorimeter as-
sembly to the center of each section (Fig. 2). Uncertainty in the
calculated curve (dashed line) is about 5%.
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FIG. 7. Comparison of normalized distributions of deposited
energy in the four-section W calorimeter as measured at the
linac and PHERMEX facilities, and as calculated with the ITS
code. Distances are from the front face of the calorimeter as-
sembly to the center of each section (Fig. 2). Uncertainty in the
calculated curve (dashed line) is about 5%.

in Table IX, together with ITS code calculated results.
The ITS code calculations are assumed to have a 5% un-
certainty.'” The results are also presented in graphical
form in Figs. 5, 6, and 7 for tha Al, Ti, and W four-
section calorimeters, respectively. The distances plotted
are from the front face of the calorimeter to the center of
each section (including the 0.95-cm styrofoam thickness
between sections).

C. Collisional stopping powers

For some of the PHERMEX data, plots of the micro-
pulse train were obtained for each macropulse, from a
calibrated transformer coil. In these cases, we were able
to obtain good information on the total input beam
current and micropulse width. Combining these data
with the measured deposited energy in the section upon
which the beam is incident, we can calculated an effective
(i.e., average) collisional stopping power S.. The energy
deposited by the beam in this first section is

E= [21,, 1S, , (1)

where 3 I, is the sum of the peak currents of the micro-
pulses, 7 is the micropulse width at half maximum, p is
the sample density, and ¢ is the section thickness. Col-
lisional (nonradiative) effective stopping powers can then
be calculated from Eq. (1), using the measured deposited
energies in the first section given in Tables IV and VII.
The results are listed in Table X, along with single-
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electron calculated values at 26 MeV from the tables of
Berger and Seltzer,!” for comparison.

IV. DISCUSSION OF RESULTS

It is clear from an examination of the results in Tables
VI and IX, and Figs. 5, 6, and 7, that the PHERMEX
data consistently show anomalously strong absorption in
the first section (upon which the beam is incident), and
reduced absorption in the section farthest downstream.
In contrast, the linac data are in good agreement with the
single-electron Monte Carlo calculations of the distribu-
tion of deposited energy in all of the four-section calorim-
eters. This represents experimental confirmation of the
Monte Carlo code, and also strong evidence that the data
taken at the PHERMEX are quite different. Similarly,
the effective stopping powers obtained from the PHER-
MEX data given in Table X are all somewhat larger than
the single-electron values. The biggest difference is in the
tungsten data, suggesting a possible Z dependence.

To verify these observed effects, it is necessary to apply
a statistical test to the results listed in Table IX. If the
data follow a known distribution law, then a chi-square
test would be appropriate. However, the major source of
uncertainty in these experiments is the reproducibility of
accelerator conditions in the two periods data were taken
at both facilities. Since this type of uncertainty cannot be
quantified, it is better to use a distribution-free test.

A simple illustrative test is to normalize the experi-
mental results listed in Table IX for sections 1 and 4 to
their code calculated values, and then to rank these nor-
malized values as shown in Table XI. We do not use the
data from sections 2 and 3 for this test, since they are in
the crossover region (see Figs. 5—7) and are not expected
to yield a significant effect. Each of the 12 normalized
values at each facility has three attributes: metal type,
observation period, and section number. It is seen that
the linac data show no dependence on any of its attri-
butes (as would be expected when the data and calcula-
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tion are in agreement) and the spread in normalized
values is rather narrow. For the PHERMEX data, there
is no dependence on the metal or observation period, but
a clear grouping of the ranked data with respect to sec-
tion number appears, with a wide distribution of normal-
ized values and a gap between the two groups. The rank-
ing clearly reflects the consistency of the data; i.e., all of
the section-4 data absorbed less energy than calculated,
while all the section-1 data absorbed more energy than
calculated. The probability that this particular ranking
of 12 values would occur by chance can be calculated as
follows: (61)2/12!=0.11%. Therefore, we can say with
about 99.9% confidence that the energy distribution ob-
served in the PHERMEX data does not agree with the
single-electron calculation, and that the direction of the
observed effect is consistent with theories that predict
enhanced initial absorption. This confidence would be
even greater if we account for the size of the gap between
the two ranked groups, and still greater if we also ac-
count for the consistent two-section calorimeter data.

Another simple distribution test we could apply is the
Wald-Wolfowitz test,?’ which counts the number of runs
in the ranked data (a run is a string of data points with
the same attribute). Examining the ‘“‘section” attribute in
Table XI, we see that the linac data have six runs and the
PHERMEX data have only two runs. If the data were to
agree with the single-electron calculation, the number of
runs should approximate a normal distribution with a
mean of 7 and a standard deviation of 1.73. Therefore,
the linac data are in agreement with the calculation, and
the PHERMEX data are not.

The only remaining question is: Could the observed
effect be due to a mis-setting of the PHERMEX beam pa-
rameters to a much lower average energy? Calculations
indicate that the PHERMEX data would be reconciled
with the code calculations if the average energy had been
mis-set to about 23 MeV instead of 26 MeV. However,
such a large mis-setting (at two different observation
periods) is extremely unlikely.?! The PHERMEX energy

TABLE XI. Data from Table IX for sections 1 and 4 normalized to their corresponding calculated values, and then ranked.

Linac data PHERMEX data
Normalized Observation Normalized Observation
value Metal period Section value Metal period Section
0.903 w 1 1 0.213 Al 2 4
0.965 Ti 2 4 0.294 Ti 2 4
0.968 Al 2 4 0.500 Al 1 4
0.989 Al 1 4 0.588 Ti 1 4
1.012 Ti 1 1 0.776 w 2 4
1.031 w 2 1 0.790 w 1 4
1.040 w 2 4 1.153 Ti 1 1
1.047 Ti 1 4 1.174 Al 1 1
1.059 Al 2 1 1.182 w 1 1
1.063 Ti 2 1 1.246 Al 2 1
1.092 Al 1 1 1.252 Ti 2 1
1.382 w 1 4 1.438 w 2 1
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spectrum (Fig. 3) has been carefully measured with a
magnetic spectrometer,'® with an uncertainty of approxi-
mately 3%. Code calculations performed within this 3%
bound are not compatible with the experimental data.
Thus, the only reasonable explanation of the observed
data is a collective effect of some kind.

V. CONCLUSION

We have found evidence for anomalous absorption by
thick metal targets, using a 26-MeV electron beam with
an intensity of about 8 kA/cm? An enhancement of
20-30 % in the energy absorbed in the first section (~+
range) of Al, Ti, and W targets over single-electron calcu-
lations and low-intensity beam experiments was observed.
The enhancement effect appears to increase with Z.
Most of the mechanisms proposed to explain the
enhancement effect depend upon dense plasma forma-
tion,'’ 1% and are probably not applicable at the much
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lower beam intensity used in these experiments. Indeed,
the two-stream plasma instability mechanism yields a Z
dependence® which is in the opposite direction to our ob-
served results. However, beam stagnation®’1° due to
induced magnetic or electric fields in the target could be
an explanation of our observed effect at moderate beam
intensities. Further theoretical work, extended to this in-
tensity region, would be most helpful.
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