
AD-AO8 905 NAVAL RESEARCH LAB WASHINGTON DC F/6 20/8
ANALYSIS OF PROTON TRANSPORT EXPERIMENTS. (U)
SEP 80 F C YOUNG- S J STEPHANAKIS

UNCLASSIFIED NRLR-42NL

mhh E hmEEE



..........



ECUMIITY CLASSIFICATION OF THIS PAGE (When Date Entered)
REPORT DOCUMENTATION PAGE READ INSTRUCTIONS

BEFORE COMPLETING FORM

I. REPORT NUMBER 2. GOVT ACCESSION NO. 3. RECIPIENT'S CATALOG NUMBER

NRL Memorandum Report 4322 ~ 2
4 TITLE (end Subtitle) S. TYPE OF REPORT & PERIOD COVERED

Interim report on a continuing
ANALYSIS OF PROTON TRANSPORT EXPERIMENTS NRL problem.

6. PERFORMING ORG. REPORT NUMBER

7. AUTHOR(s) S. CONTRACT OR GRANT NUMBER(e)

F.C. Young, F.L. Sandel*, S.J. Stephanakis, P.G. Blauner*,
G. Cooperstein, S.A. Goldstein*, and D. Mosher

9. PERFORMING ORGANIZATION NAME AND ADDRESS 10. PROGRAM ELEMENT. PROJECT, TASKAREA & WORK UNIT NUMBERS

Naval Research Laboratory 67-0879-0-0
Washington, D.C. 20375

11. CONTROLLING OFFICE NAME AND ADDRESS 12. REPORT DATE
September 5, 1980Department of Energy 13. NUMBER oF PAGES-

Washington, D.C. 20545 34

f4. MONITORING AGENCY NAME & ADDRESS(if different from Controlling Office) IS. SECURITY CLASS. (of this report)

Sandia Laboratories
Albuquerque, New Mexico 87115 UNCLASSIFIED

15. DECL ASSI FI CATION/ DOWN GRADING
SCHEDULE

16. DISTRIBUTION STATEMENT (of this Report)

Approved for public release; distribution unlimited.

17. DISTRIBUTION STATEMENT (of the abstract entered In Block 20, if different from Report)

1. SUPPLEMENTARY NOTES

*Present address: JAYCOR, Inc., Alexandria, VA 22304

19. KEY WORDS (Continue on reverse side if neeesery and identify by block number)

4 Intense proton beam Beam-plasma interaction
Prompt-gamma diagnostic Ion focusing
Ion transport

* y
20. ABSTRACT (Continue on reverse side if neceesary mid Identify by block number)

Intense 1-MeV proton beams, produced with the GAMBLE It generator at the Naval Research Lab-
oratory, have been transported efficiently over a distance of one meter in a wall-stabilized, current
carrying plasma channel. Ion beams from a pinch-reflex-diode were ballistically focused in a neu-
tral-gas background so that a current-neutralized beam was injected into the plasma channel. Chan-
nels with diameters of 1.6 cm and 4.5 cm have been studied for gas pressures ranging from 0.1 to
1.5 Tort. Proton currents in the channels were diagnosed with absolutely calibrated prompt-gamma
detectors using the 1 9 F(p,ay )' 60 reaction. Temporal measurements are compared with calculated
prompt-gamma re',nonses to provide proton energy losses, proton currents and (Abstract continues)

DD I AN", 1473 EDITION OF INOV65 ISOBSOLETE
S'N 0102.LF.014-6601

SECURITY CLASSIFICATION Of THIS PAGE (fton Dae ltered)

to



SECURITY CLASSIFICATION OF THIS PAGE (w~hen Does Entered)

20. (Abstract continued)

transport efficiencies. For the small diameter channel, poor transport was observed. For the large
diameter channel, efficient transport (33%-100%) was deduced for peak proton currents of 0.3
MA and for energy losses of a few hundred keV.

iiSECURITY CLASSIFICATION 0PWmis PAOU(Mon DataEnteried)



TABLE OF CCTENTS

I. INTRODUCTION .............. ..... 1

II. DESCRIPTION OF EXPERIMENT . . . .

III. LARGE-TRANSPORT-CHANNEL RESULTS.......... 3

IV. TRANSPORT EFFICIENCIES AND ENERGY LOSSES IN THE LARGE CHANNEL 4

V. SMALL-TRANSPORT-CHANNEL RESULTS 9

VI. DISCUSSION . ........... . . ..

VII. CONCLUSIONS . . ............... 14

i i .... .. ..

+ ' . . . G ,xs

.- lo

LA



ANALYSIS OF PROTON TRANSPORT EXPERIMENTS

I. Introduction

..hs a part of the NRL light ion beam research program , experiments on the

transport of intense pulsed proton beams have been carried out. The NRL

GAMBLE II pulser was used to generate proton beams and the measurement of

prompt-gamma rays was the primary diagnostic for proton transport. The

first sequence of shots was made using a large-diameter (4.5 cm) transport

channel with a 2.5-cm diameter aperture. The transport of l-MeV proton beams

of a few hundred kiloamperes a distance of one meter with efficiencies

approaching 100% was achieved in this channel. A second sequence of shots

with a smaller-diameter (1.6 cm) channel with a 1.2-cm diameter aperture was

much less efficient in transporting the beam. Analysis of the prompt-ganua

measurements to determine proton currents in the transport channel and trans-

port efficiencies is presented in this report.

II. Description of Experiment

The proton beam was generated by a planar pinch-reflex diode5 with a

5.7-cm radius cathode. The beam was brought to a narrow-angle focus

25 cm from the diode and injected into a transport channel. The vacuum diode

was separated from the low-pressure-gas-filled transport region by a 1.8-um

thick Kimfol. The proton beam was focused by self B-fields in the 1.9-cm

anode-to-Kimfol gap and, after passing through the Kimfol, was ballistically

directed toward the focal region. At the expected focus, the beam entered

the transport channel which consisted of a wall-stabilired plasma discharge
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typically carrying an externally applied axial current of " 50 kA. The

B-field from this current was sufficient to confine the injected protons

within the larger diameter channel.

The proton beam in the channel was diagnosed by measuring prompt gamma

rays from the 19F(p,aty)160 reaction. For this diagnostic, Teflon screen

targets (50% transparent) were located at the entrance to the channel and one

meter into the channel. Two detectors were used to measure prompt gamma rays

from these targets as shown in Fig. 1. One detector, which was absolutely

6
calibrated was located 5E cm from the second target and shielded against

*radiation from the diode and first target. The other detector was located

behind a concrete wall and was equidistant from both targets. The wall

differentially shields the diode bremsstrahlung and improves the signal-to-

bremmstrahlung ratio for viewing the first target. Measured signals from

these two detectors are displayed in Fig. 2. These responses indicate that

the inside detector measured signals from the second target while the outside

detector recorded signals from both targets. The outside-detector signals

are separated in time by the transit of protons from the first to the second

target. The detector behind the concrete wall was calibrated absolutely by

comparing its response from the second target with that obtained with the

inside detector.

For a shot with no Teflon targets, the prompt-gamma responses are given

by the dashed curves in Fig. 2. On this background shot, sufficient energy

was transported to spall an aluminum plate at the end of the transport

system. A small bremsstrahlung signal was measured on the outside detector.

The inside detector recorded no bremsstrahlung but did record a small signal

probably due to residual Teflon deposited in the transport system from
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previous shots. If the apparatus was not cleaned carefully between shots,

this background was significantly larger.

Protons injected into the transport channel propagate in the magnetic

field associated with the discharge current. The channel is essentially a

z-pinch, a radial implosion followed by damped radial oscillations. The

confinement of the protons to the channel depends on the radial profiles of

the magnetic field, current, and particle density in the channel. These

qualities are rapidly vaxying functions of time and are not known. For the

present analysis, the channel is assumed to be of uniform particle and current

density and constant in time for the duration of the beam pulse.

Measured prompt-gamma responses were compared to responses calculated

using the ion current and proton energy measured on each shot. The charged-

particle current incident on the Kimfol was measured with a Rogowski coil.

The proton energy was taken to be the voltage determined by correcting the

measured diode voltage for inductive effects in the diode and for classical

energy loss in the Kimfol. The ion current, presumed to be entirely protons,

and the proton energy were combined with the energy dependence of the

1 9F(p,ay) 16 0 reaction and the absolute detector sensitivity6 to give the

expected prompt-gamma response. The energy dependence of this reaction yield

is shown in Fig. 3. Corrections for the flight time of protons from the

anode to the target were included in the calculations. The shapes and mag-

nitudes of the calculated responses were compared to the measured responses

after timing-chain corrections.

III. Large-Transport-Channel Results

Six shots with the large-diameter transport channel were selected for

careful analysis. The calculated prompt-gamma responses for these shots are

compared with the measured signals in Fig. 4. Here the calculated responses
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have been normalized in amplitude to the measured signals. The proton

current and energy used for these calculations are also displayed in Fig. 4

for each shot. The current measured on shot 407 was used for shot 406

because that trace was not recorded on shot 406.

The shapes of the calculated responses from the first target agree

reasonably well with the measured traces f or all the shots except shot 413.

Also, the calculated risetimes for responses from the first target agree with

the measured traces except for shot 402. The prompt-gammna signals from the

first target for shots 402 and 403 were measured at 50 ns/cm and expanded to

20 ns/cm for the comparison in the attached figures. An error of ± 5 ns is

inherent in the absolute time scale for these two traces. For shot 413, the

calculated response from the first target is narrower in width than the

measured trace. The calculated response is narrowed in time due to the

peculiar shape of the voltage trace measured on this shot. The narrow peak

on the prompt-gamma response is correlated with the narrow peak at the top

of the voltage. Explanations for the discrepancy with the measured trace are

speculated upon in the discussion (Section VI).

The calculated responses from the second target do not agree with the

measured signals in shape or timing. The calculated responses occur too

early in time presumably because the proton energy is too high. No energy

loss in the focusing region or the transport system has been included in these

calculations.

IV. Transport Efficiencies and Energy Losses in the Large Channel

A lower limit on the transport efficiency can be estimated from the

ratio of the prompt-gamma signals from the first and second targets. Signals

from both targets are recorded with equal sensitivity by the outside detector.

The areas of the two peaks in the traces for this detector were used to
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evaluate the transport efficiencies given in Table 1. For this evaluation

the area of the second peak has been doubled relative to the first peak to

correct for the 50% transparent Teflon screen targets. Table 1 also lists

the air pressure in the transport channel for each shot. The largest trans-

port efficiency was obtained for 0.5-Torr pressure. At a pressure of 0.12

Torr, the efficiency was reduced to about 20%. These efficiencies are in

fact lower limits on the transport efficiency because energy lost by protons

in the transport system causes the prompt-gamma signal from the second target

to be reduced. The strong energy dependence of this diagnostic is shown in

Fig. 3.

To estimate the magnitude of energy losses in these experiments, the

average energy of the protons in the transport channel was determined for

several shots. The time interval between signals from the two Teflon targets

was used to calculate the average proton energy, Ea, in the channel. This

energy is compared in Table 2 with the maximum energy of the ions, E , after

passing through the Kimfol. The difference between E and E represents an

average energy loss and ranges from 100 to 430 keY for these shots. For this

comparison, a proton energy extracted from the timing of the maxima of the

prompt-gamma responses should correspond to the peak proton energy because

this response is strongly energy dependent (see Fig. 3). The average energy

losses in Table 2 are larger than one expects from collisional losses in the

channel. For example, the classical energy loss for 1.2-MeV protons in

1.5-Torr air is only 50 keV/m. Classical energy losses Zrom the Kimfol to

the second target due to the low pressure air in the channel are listed as

dE2 in Table 2. Clearly, energy losses significantly greater than classical

collisional losses are reducing the proton energy in these experiments.

F5
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Table 1

Large-Channel Transport Results for No Energy Loss

Transport Channel Minimum Transport
Shot No. Pressure (Torr) Efficiency

402 1.5 0.25

403 1.5 0.12

406 1.5 0.30

407 1.5 0.26

412 0.5 0.47

413 0.28 0.31

Table 2

Energy Loss Estimates

Shot E m Ea Average Energy Loss dE2  AE2  dE1
No. (MeV) (MeV) (keV) (keY) (keY) (keY)

402 0.975 0.88 100 70 300 13

403 1.10 0.93 170 60 -- --

406 1.22 0.96 260 64 -- --

407 1.39 1.01 380 60 600 12

412 1.26 0.93 330 21 500 4

413 1.44 1.01 430 10 700 2

.1
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An evaluation of the transport efficiency including energy loss was made

for shots 402, 407, 412 and 413. On these shots,efficient transport was

observed and all data traces were obtained. For this analysis, the energy

loss was assumed to be constant during the beam pulse and was applied

directly to the measured voltage to reduce the energy of the protons

before time-of-flight corrections thru the focusing and transport sections.

The energy loss of the protons after passing through the Kimfol was assumed to

consist of a classical energy loss dE due to gas in the channel, and an additional

energy loss AE to be determined. Subscripts of I or 2 will be used on these

quantites to denote energy losses from the diode to the first or second Teflon

target, respectively. The energy loss of protons from the diode to the

Teflon target at the end of the transport system was determined from proton

time-of-flight. The energy of the protons after passing through the Kimfol

was reduced about an amount (dE2 + AE2 ), and AE2 was adjusted so that the

peak of the calculated prompt-gamma signal from the second target agreed in

time with the measured signal. Values of dE2 and AE2 are given in Table 2.

An uncertainty of ± 100 keV is assigned to AE2 based on this fitting proce-

dure. The fitting procedure is illustrated in Fig. 6. In all cases the

additional energy loss AE2 is much greater than the classical energy loss

dE2. The energy of protons striking the second target is less than the

average energy measured in the transport channel, assuming deceleration during

transport. Therefore the energy loss from the Kimfol to the second target

is larger than the average-energy-loss estimates in Table 2.

The energy loss of the protons is made up of an energy loss in the

region from the diode to the first Teflon target (AE1 ), and an energy loss

in the transport channel between the two targets (AEt), where AEi+AEt = AE2.

Both AE1 and AEt are not known, but the sum, AE2 , was determined above.

7
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A range of values for AEt ( and hence AEj) is determined by comparing the

intensities of measured and calculated prompt-gamma responses. Prompt-gamma

responses were calculated for the first target with protons reduced in energy

by (dEj + AEI) and for the second target with protons reduced in energy by

(dE2 + AE2 ). The ratio for these results was used to correct the minimum

transport efficiencies determined previously for no energy loss. The results

are presented j.i Fig. 5 as a function of AE Values of dE1 are given in

Table 2. As AEt increases, the transport efficiency increases until an upper-

limit of 100% is reached. Over this range, AEt never exceeds 150 keV and is

always less than AE1. For AEt = 100 key, a likely value, the transport

efficiency ranges from 50% to 90%, and AE1 ranges from 200 to 600 key for

these shots.

Only a fraction of the measured ion current is incident on the 2.5-cm

diameter Teflon target at the entrance to the transport channel. The

fraction of the ion current required to fit the magnitude of the measured

prompt-ganna signal from the first target is determined by scaling the

measured ion current by the ratio of the measured to calculated prompt-gamma

signals. This fraction was determined by integrating the respective signals

to eliminate uncertainties due to proton bunching and multiplying by two to

correct for the 50% transmission Teflon screen target. This fraction is

4 presented in Fig. 5 as a function of the energy loss in the transport

channel, AEt. For less energy loss in the transport channel and more energy

loss from the diode to the channel entrance, a larger fraction of the ion

current is required to account for the magnitude of the prompt-gamma signal.

For AEt = 100 keV, this fraction ranges from 20% to 85% for these shots.

Since the measured ion current at peak voltage is about 500 kA for all these

8
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shots (see Fig. 1), currents of 100 to 400 kA at peak voltage were inferred

from this analysis.

The inclusion of energy losses in calculating the prompt-gamma responses

has minimal effect on the shapes of the calculated responses as illustrated

in Fig. 6 for shot 412. The fitting procedure used to determine the energy

loss AE2 is shown for the inside detector. If this same energy loss is used

for AE1 (i.e. AEt = 0), the timing of the calculated signal from the first

target is only slightly delayed because the flight path of protons to the

first target is so short.

V. Small-Transport-Channel Results

Measured prompt-gamma signals for two shots with protons injected into

the small-diameter transport channel are compared with calculated responses

in Fig. 7. These shots were selected because they gave observable transport.

Other shots gave unobservable or barely observable transport. The reason

for the poor transport in these shots will be discussed later. The proton

energy and current used for these calculations are also displayed in Fig. 7.

No energy losses have been included in the calculations, and the calculated

responses were normalized in amplitude to the measured signals. For shot 419,

helium gas was used in the channel instead of air. The channel pressure for

each shot is given in Table 3.

The shapes of the calculated responses from the first target compare

favorably with the measured traces, but the measured traces occur signifi-

cantly earlier than the calculated traces. This discrepancy is due to a

significant contribution to the first-target signal from diode bremmstrahlung.

The measured signals are smaller due to the smaller entrance aperture on the

transport channel, and the diode bremsstrahlung is larger in this series of

shots so the signal-to-bremsstrahlung ratio is reduced.
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The calculated responses from the second target do not agree with the

measured signals in shape or absolute time. In fact, for shot 419 the

measured response occurs earlier in the time than the calculated response.

This suggests that the energy of some protons is greater than the measured

diode voltage so that they arrive at the second target earlier in time. one

might suspect that this early-time signal is due to protons bombarding a

Teflon deposit remaining on the inside walls of the transport channel after

previous shots. However, this explanation is unlikely because the channel

was carefully cleaned between shots (see Fig. 2).

An analysis including energy loss has not been applied to these small

transport channel shots because there are unknown bremsstrahlung contributions

to the prompt-gamma signals from the first target and because the proton energy

loss from the diode to the second target is poorly determined. Even so,

minimum transport efficiencies may be evaluated from the ratio of the

measured prompt-gamma signals from the two targets. The results are given in

Table 3. These efficiencies are significantly smaller than the results

obtained with the larger diameter channel.

Table 3

Small-Channel Transport Results for No Energy Loss

Transport Channel Minimum Transport
Shot No. Gas Pressure (Torr) Efficiency

417 Air 0.25 0.06

419 He 1.0 0.09
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VI. Discussion

Protons injected into the transport channel propagate in and are confined

by the magnetic field produced by the discharge current. Confinement within

the channel depends on many factors. If a uniform static discharge current,

I, is assumed, then protons entering the channel at angles up to a maximum of

o to the channel axis will be confined according to3

10-3v(l-cose
I= m

where I is in amperes, v is the proton speed in cm/s, R is the channel radius

and a < R is the radius of the channel entrance aperture. For l-MeV protons

and the maximum possible injection angle in the present experiments, a current

of 58 kA in the large channel or 72 kA in the small channel is required.

In the experiments, typically 50 to 60 kA flowed in the large channel,

but only % 30 kA flowed in the small channel due to the increased channel

resistance and the capacitor bank limitations. in the latter case, the

channel current quarter-period rise time was about 15 uis. It is tempting to

conclude that the transport efficiencies observed in the small channel were

determined principally by the available discharge current. However, it was

found in the experiments that observable transport ceased at the highest

current levels in the small channel. Transport efficiency was increased by

S I injecting the beam earlier in the rise of the channel current or by shortening

the rise time of the channel current, even though the absolute level of

channel current decreased.

These observations point to the necessity for a more realistic interpre-

tation of the beam-channel system. The radial p rofiles of magnetic field,

current, and density in the channel are rapidly varying functions of time and

depend on such variables as plasma temperature, gas composition, impurity



contamination from the channel walls, etc. Thus, the transport efficiency

depends on a detailed knowledge of the channel properties at the moment of

beam injection and of the interaction of the beam-plasma system. We cannot

prescrtly obtain this information experimentally because the discharge is

difficult to probe without disruption which may effect beam transport. MHD

code work simulating the beam-discharge interaction is in progress.7• For

some channel conditions, MHD instabilities, which can inhibit transport, may

grow. The abrupt loss of transport at higher currents in the small channel

suggests this possibility. Future experiments will test the role of

instabilities by establishing the channel current on a much faster time scale.

under this condition, the instability growth time before beam injection is

reduced.

The obseived beam-energy losses cannot be simply explained at present.

The results indicate that the energy losses substantially exceed those

expected from classical collisional losses in the gas at fill pressure. It is

apparent that losses occur both in the region between the anode and the

transport channel entrance aperture and within the channel itself. In many

cases, the out-of-channel losses are more severe. There are many possible

explanations for these losses. In the pinch--reflex diode, the anode foil is

vaporized and ionized to some extent by the electron beam. The electrons

reflex through this plasma on their way to the pinch region at the anode

acenter. This is a resistive plasma so that a substantial radial voltage drop

can occur across this plasma. The energy of ions extracted from this plasma

would depend on their point of origin within the plasma and would always be

less than or equal to the voltage applied to the diode. Also, the self-

inductance of the beam between the anode and the Kimfol extracts energy from

the beam. Additionally, there may be losses due to microturbulence in the

12
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8
gas, and associated losses due to resistive and hydrodynamic electric fields

7
which develop inside the channel during beam transport. Furthermore, since

a dynamic plasma exists in the transport system, the beam may lose or gain

energy from axial electric fields created from plasma contraction or expan-

9sion. This may explain the apparent acceleration of some protons to energies

greater than the diode voltage as observed on shot 419. Finally, ions con-

fined to a region close to the axis of the transport channel may sustain

enhanced collisional losses if the pinch has compressed the plasma to densi-

ties significantly greater than the fill pressure. Wall material brought

into the discharge during implosion can also contribute to collisional losses.

The large-diameter-channel measurements indicate that most of the ion

beam could be injected into the 2.5-cm diameter aperture and transported.

For the small channel, measurements from the first target indicate that less

than half of the proton beam is contained within the 1.2-cm diameter aperture.

On some shots with the small transport channel, the entrance aperture was

increased to 1.6-cm diameter and the first target was removed. Signals from

the second target increased by more than the factor-of-two expected by just

removing the 50% transmission target. In this case, more protons were

injected into the channel and transported. It should be noted that since the

voltage and current of the ion beam vary in time, the position of best focus

moves axially during the beam pulse. For inertial confinement fusion appli-

cations, diodes with improved focusability at long focal lengths are

:1 3
required.

In the large-transport-channel analysis (Section IV), energy losses

from the diode to the transport channel and within the channel itself were

assumed constant during the beam pulse. For the reasons described above, it

is apparent that the energy loss is not constant. Therefore, it is not

13
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surprising that the shapes of the calculated prompt-gamma responses do not

fit the shapes of the measured signals from the second target even though

time-of-flight effects are included in the analysis. As a result, the energy

analysis in Section IV is a time-averaged approximation as are the magnitudes

of the energy losses.

vil. Conclusions

The best transport results were obtained with the large diameter channel.

In this channel, transport efficiencies ranging from 33% to 100% were deduced

from this analysis. Total proton currents of a few hundred kiloamperes of

l-MeV protons were calculated to be transported a distance of one meter.

There is a trade off between proton current and transport efficiency in the

interpretation of these measurements. For 100% transport efficiency in the

shots analyzed, the current is :5 250 kA, but for the smallest transport

efficiency (33%) of any of the shots, the current is 300 kA. Energy losses

within the transport channel were less than 15% of the maximum proton

energy.
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transport experiments.
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Fig. 4(a) - A comparison of measured (solid line) and calculated (dashed line) prompt-gamma

responses for Shots 402 and 403 with the large diameter transport channel. The calculated re-
sponses are normalized in amplitude to the measured signals. Also, the proton energy and cur-
rent which were used to calculate the pwompt-gamma responses are displayed. No energy los.
ses are included in these calculations.
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Fig. 4(b) - A comparison of measured (solid line) and calculated (dashed line) prompt-gamma re-
sponses for Shots 406 and 407 with the large diameter transport channel. The calculated respon-
ses are normalized in amplitude to the measured signals. Also, the proton energy and current
which were used to calculate the prompt-gamma responses are displayed. No energy losses are in-
cluded in these calculations.
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gamma responses for Shots 412 and 413 with the large diameter transport channel. The

' calculated responses are normalized in amplitude to the measured signals. Also, the pro-

• ton energy and current which were used to calculate the prompt-gamma responses are

displayed. No energy losses are included in these calculations.
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Fig. 6 -- A comparison of measured (solid line) and calculated prompt-gamma responses with-
out energy loss (short dashed line) and with 500-keV energy loss (short-long dashed line) for
both prompt-gamma detectors. The measured traces correspond to Shot 412.
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Fig. 7 - A comparison of measured (solid line) and calculated (dashed line) prompt-gamma

responses for the small diameter transport channel (Shots 417 and 419). The proton energy

and current which were used to calculate the prompt-gamma responses are also displayed.

The calculated responses are normalized in amplitude to the measured signals. No energy
losses were included in these calculations.
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