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Abstract (Continued )

— emission and carbon charge sta tes observed are consistent with classical electron deposition and
indicate an anode surface temperature of a few eV with the peak tem perature occurring at the
time of impedance collapse.
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AN INVESTIGATION OF 1012W/cm 2 FOCUSED REB
DEPOSITION OF THICK ALUMINUM TARGETS

Recently the concept of using a pulsed relativistic electron

beam”2 to implode and ignite a thermonuclear fusion pellet has

received considerable attention as an alternative to the use of a

laser. This approach would be considerably enhanced if the electron

range could be shortened by anomalous absorption processes, such as

enhanced deposition in the anode blow-off material due to self-magnetic

field penetration3 or increased coupling due to beam-plasma Instabili-

ties2’
4. Analysis of REB-induced shock waves in aluminum targets~

indicated that electron deposition is consistent with classical

processes for electron beam power levels of approximately lO’~ W/cm2.

Here we examine the electron absorption mechanism at somewhat higher

power levels by measuring the VTJV- and ion emission from thick

aluminum targets under the influence of a high intensity focused

relat ivistic electron beam. The data obtained demonstrate that time

integrated spectrographic data must be analyzed with extreme care

because of the preponderant a~~unt of VTJV-emission during the diode

impedance collapse. It is also shown that at power levels up to

approximately iO~~ W/cm
2 the VUV-emission is consistent with classical

absorption processes.

Note : Manuscript submitted May 10, 1977.
1
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~ata were obtained with the ~ava1 Research Laboratory Gamble II

~er~er~ tor L . •:hioh supplied an electrical pulse of En nsec duration with

peak corrected voltage of 1.2 MV and current of 0. MA. The generator

was operated In reverse (positive) polarity which allowed convenient

acc~:s to the electron beam target (anode) for diagnostic purposes.

The diode used is shown in Fig. 1 along with a schematic of the diag-

0nostics used. The diode utilized a 3 tapered cathode with ~0 mm inside

diai~~ter , ~0 mm outside dian~ ter and 2.T mm gap between the cathode

inside edge and anode. The planar anodes used were 1.6 cm thick

606l-T6 aluminum.

The VUV-radiation diagnostics consisted of an array of three

aluminum cathode x-ray diodes7 (XRD’s) which yielded the time resolved

VTJV-emission In three proton energy bands and a MoPherson Model 225

near normal incidence spectrograph which observed the time integrated

spectrum. The spectrograph recorded emission between ~ arid 12 eV, on

Kodak 101-01 film, with a wavelength window of 60 nm for en individual

data shot. The XRD ’s were sensitive from approximately 5 to 25 eV

when unfiltered, 20 to 80 eV when filtered by 
~ ~

.im aluminum, and 150

to 280 eV when filtered by 2 ~m polycarbonate (Kixnfoi). Because the

focused electron beam anode was viewed by the X~~’ a at ground potential,

copious quantities of ions were accelerated into the detectors. These

were separated from the VUV-radiation by locating the detectors at

172 and 272 cm from the anode and utilizing time of flight discrimina-

tion or magnetic field deflection. The 25 mm diameter XBD ’ s observed

the anode through a series of baffles which allowed a 12 or 25 mm

2
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Ij a~ eter field of view . Some data were taken also with a 25 mm insIde

diameter cathode to allow observation of VUV-emizsiori from the anode

near the cat hode . The XRD’s and spectrograph viewed the pinched beam

anode at i~.io° to the beam axis. Beam target x-radiatlon was viewed at

1:0~ with a time integrated pinhole camera and as a function of radial

distance , R , using silicon P2~ diodes collimated to view a 5 mm diame-

ter area of the anode.

The ions accelerated across the diode potential were observed with

a Thomson mass spectrograph. This device utilizes parallel electric

and magnetic fields ~~ disperse the ions in orthogonal directions pro-

portional to charge/energy and. charge/momentum, respectively. The

various charge and mass species are observed along parabolic curves at

the film plane depending upon ion energy. Cross sectional views of the

spectrograph are shown in Fig. 2 along with the parabolic curves for

proton, deuterium, and certain carbon and aluminum charge species.

Data were acquired on Kodak 101-01 film which was mounted in the

spectrograph without a window. Visible emission from a corona dis-

charge across the electric field plates severely fogged the film when

hot gases from each data shot entered the spectrograph if the electric

field remained on. Therefore , a thyrotron clamping circuit was used

to turn off the 2.2 kV bias voltage 3 ~sec after each shot . The

spectrograph utilized a magnetic field of 900 G and. was mounted along

the electron beam diode axis with entrance aperture 20 cm from the

anode.

Generator output waveforms from shot 1309 are shown in Fig . 3

which represent approximately 20 kJ of electrical energy coupled to

3
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the diode. This pulse typically produced hemispherical craters 13 i

in ‘~iameter anl  10 mm deep within 2 mm of the center of the aluminum

anode . Unless denoted otherwise all data presented in the figures of

this report were obtained from shot 1309. The damage pattern upon the

1 cm thick anode used for this shot is shown in Fig. ~~. Collimated PIN

diode data taken at R = 0 and 1 cm, shown below the electrical output

data in Fig. ~ indicate that the hollow electron current sheath

coalesces8 Into a focused beam at approximately 10 nsec after current

initiation. The PIN diode data shown were taken on electrically

similar shot 1319 because of the necessity to remove the Thomson spectro-

graph to acquire these data. These data, when combined with the time

integrated pinhole photographs Indicate a typical current density pro-

file during the steady pinch phase of approximately

J ( R )  = 1.0 e ~‘27 mm) MA/cm2, B < 2.7 xxmi

J(R) = 1.0 e~~~
’2~~ MA/cm2, R � 2,7 n~ .

This current density profile is similar in shape to that obtained9 on

the Gamble I generator at a diode current of 0.23 MA although the

absolut e value is approximately twice as large because of the larger

diode current used here . As with the Gamble I data no correction has

been made for the ion current which could reduce the above electr on

current density by 10 to 20~ . Corrections to the observ ed br ems-

strah.lung profile are necessary9 when a generator is operated in nega-

tive polarity because of on-axis peaking of the bremsstrahlung. Such

corrections were not made here because of the relative flatness of the

— — — . .-—- . 
~—. . ~
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bremsstrahlun~ angular distribution between l’~O and 1~O
0 even f’r low-

Z targets.

The output signal from the aluminum XRD filtered by a urn

aluminum window is also shown in Fig . 3, t ime correlated with the ‘uiode

electrical input and collimated PIN data. This signal is typical of

those observed with a 12 nun field of view and represents approximately

1.5 J of VUV-emissiori between 20 and 80 eV. The signals were observed

to rise slowly during the steady state pinch phase and then to jump up

drastically during the impedance collapse phase. The data obtained

wit h this filter-detector combination but with a 25 mm field of view

showed little or no increase In the signal during the steady state

pinch phase. However, the large signal during impedance collapse

increased proportional to the area of the anode viewed and did not

decay in time as rapidly when the inner edge of the cathode was viewed.

These data correlate with coll imated PIN data off-axis (Fig. 3) which

show the late time electron beam defocusing that would indicate energy

deposition near the cathode inside diameter. The XRD’s filtered by

2 ~m Kimfol showed only a small signal, corresponding to approximately

0.1 J between 150 and. 280 eV on some shots, which also occurred when

the generator voltage approach ed zero. This signal was quite irrepro-

ducible and therefore not considered a useful diagnostic . However ,

data obtained with un filtered XRD ’ s , which were sensitive above approxi-

mately 5 eV, show similar behavior to the data obtained with a

aluminum filte r but with a much longer decay time of approx imately 500

nsec. These data point out that time integrated spectrographic data

taken at approxImately 10 eV will be almost entirely due to the late

5
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time interaction of the short circuit current and the plasma fillirw th~

diode.

A densitometer trace from the spectrum in the energy range from ~

to 12 eV obtained from shot 13 09 is shown in Fig. 5. The spectrum con-

tains emission and absorption lines superimposed upon the oontinuum.

The strongest emission lines are due to carbon, nitrogen , oxygen , and

silicon, which are present in the diffusion pump oil and gases absorbed

upon the anode surface . The anodes were cleaned with alcohol before

each data shot but were not heat treated under vacuum. Emission from

three-electron Ic -arbon, nitrogen and oxygen is very intense which

implies a tenr~ ~o 20 eV for a plasma in thermal equilibrium.

It is assumed tnat such ions are formed arid excited in the low density

region near the front of the anode plasma where electron return currents

exist . The absorption spectrum is also primarily due to carbon,

although lines from hydrogen, nitrogen, arid oxygen appear. The spectra

obtained in the energy range from I~ to 8 eV was composed almost en-

tirely of continuum and deep absorption lines from these elements. The

source of this material is not known for certain, but probably is also

due to absorbed gases and hydrocarbons emitted. from the anode during

the primary electrical pulse. The continu rm radiation fall s off with

increasing photon energy primarily because of the declini ng response

of the grating near 12 eV. The grating response has not been cali-

brated at these energies, therefore, it is not possible to obtain a

reliable limit on the temperature of the dense plasma from the contin-

uum observed.

6



A limited air~ unt  of lata •.rere obtain’- J. with di ffe rent atomio rium-

her anodes which indicate an increase in the continuum VUV-emlssion with

increasing atomic number. Similar increases were observed for the si~-

rials recorded by the XBD which was filtered by urn alumi num. These

observations are consistent with increased emission due to, radiation

rate changes with atomic number, or the higher temperatures expected

for higher atomic number anode materials. It is remarkable that ther-

mal line radiation characteristic of the anode is essentially absent .

Apparently th±s emission is absorbed by the anode blow-off plasma,

which requires an area density of > l01~ carbon atoms/cm2, or the

anode radiates as a blackbody. It was noted that the peak emission

detected by the XRD filtered by ~ ~.m aluminum (Fig. 3) was consistent

in absolute magnitude with a, S eV~ blackbody radiation source . This was

determined by taking the product of the detector response and a 5 eV

blackbody spectrum for the 12 mm diameter surface area observed.

The Thomson spectrograph data from shot 1309 are shown in Fig. 6.

The dat a demonstrate that the primary ion current in the diode is in

the form of protons . However the carbon and naturally abundant d.eute -

rium spectra can be seen when the proton signal is overexposed as in

Fig. 6. The bright region of the proton spectrum is highly over-

exposed and indicates expansion of the collimated ion beam due to

space charge effects or scatteri ng from residual gases in the spectro-

graph. The device was pumped via a vacuum line which by-passed the

entrance apertures but the region between apertures was eva3uated only

through small pump-out port s which by -passed the apertures on this

shot. These ports allowed aluminum debris to enter the spectrograph

7
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an~ l~Jge ‘~pCn the finn , as is evidenced by the many white spot s  ‘~pon

the cho tc~ ra~ h in F ir .  C .  This problem could be severe if a channel-

tron plate were used in place of the photographic ~i]~ i to detect the

ion s beca’~se even without pump-out port arc-mi the a~ertures some debris

will pass thrc~ gh the apertures. The data shown in Fig. 7 were obtained

wit h a bras s anode , but without pump-out port s , and represent a clean

spectra. However , approximately 6 ~v~ v carbon are evident because of

carbon 6+ ions which after acceleration across the diode potential have

undergone charge exchange in the region between the apertures. This

problem will be solved in future experiments by pumping all regions of

the spectrograph with adequate lines .

The mass spectrograph data from these and. other shots indicate a

prevalence of carbon 3~ and ~ ions . This requires an anode plasma

temperature of approximately 8 eV for coronal equilibrium. This cri-

terion would be valid at the leading edge of the anode plasma where the

density is very low (approximately i0’~ cm °) but where electric field

penetration would exist and ions could be accelerated by the electric

field.

An estimate of the surface temperature of the aluminum anode was

also obtained, as a function of time, assuming classical absorption for

a normally incident electron beam upon aluminum. This gives a lower

limit to the surface temperature, because the average electron angle of

incidence has been shown to be � for a similar diode geometry9.

The temperature was obtained from the relation

8



T ( t )  = ~ ~~v(t) i(t) E(V) it

an i  the calculated value is shown along with the aluminum XRD signal in

Fi g. ~~. In this relationship F is the ratio between the temp — atur e of

the anode surface plasma arid -the e r~rgy absorbed per atom, here taken

to be 0.l~ ; A is the area over which the electron beam is incident ; V

is the electron beam energy shown in Fig . 2; I is the electron current ;

and E is the energy absorbed , per atom, at the surface of the anode t~ r

a unit energy fluence. The value of A was taken to 1 cm2, the equii~a-

lence of calculating the deposition at the half-maxi~ im of the radial

current profile specified above , and E was taken from published calcula-

tions’1 of the classical electron profile. The calculated temperature

rises at a slow constant rate during the steady state pinch phase but

very rapidly during the fin al stages of the electrical generator pulse

when the impedance collapses. This phenomenon occurs because of the

great increase in the electron stopping power with decrease in electron

energy and is indicative of heacing only a small amount of material

very close to the surface of the anode .

The disagreements between the temperatures indicated by the

absolute magnitude of XRD signal, and VTJV spectrograph, and Thomson

spectrograph, and the electron deposition calculation are only plus or

minus factor of two and not inconsistent with a temperature variation

between the surface of the anode anci leading edge of the anode plasma.

The calculated temperature is the lowest in value but extremely

9
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uii  :rlly a~ r l i t~s to the surface of the anode . This tenicer-

is •~:~~eris~er~ta1ly varifi~ -i unly in an indirect ~:ay by the absolute

ma~-ni t~~ e of the ~~D si~-na1. The Thomson spectrograph probes the

ieaJin~ ei~2-e of the anode plasma during the steady state pinch phase and

wives the next highest temperature of eV. Finally the time irite~rated

1L”~ spectrograph samples the late time impedance collapse and the radia-

tion from three electron carbon ions observed indicates a temperature of

approximately 20 eV in a low density optically thin plasma.

It is concluded that the temperature of the anode and anode plasma

varies in both space and ti~~ throughout the electron beam pulse .

Since the diagnostics used cannot specify the anode or anode plasma

tempe rature to much better than a factor of two the experimental data

obtained appear consistent and indicate temperatures of a few eV.

Because temperatures of many tens or hundreds of eV we re not observed

the electron absorption ir~~chan ism in the aluminum an ode is assume d to

primarily classical.

Helpful discussions with Shyke A. Goldstein, G. Cooperstein, and

D. Mosher are acknowledged with pleasure.
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Fig. 2 — Cross-sectional views of the Thomson m ass spectrograph and a plot
of the parabolic dispersion curves for vari ous ion species
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0 20 40 60 80 100 120
TIME (ns .c)

-. _-_
~~~ P Fig. 3 — (Top) Diode voltage (V) and current (I) from shot 1309.

The voltage has been corrected for inductive contribution. (Center)
Measured x-radiation signals for shot 1319 fro m collimated PIN diodes
observing a 5 mm diameter area of the anode at r a 0 and 1 cm.

4 (Bottom) Observed signal for shot 1309 from an aluminum XRD fil-
tered by 1/2 ~m aluminum which views a 1.2 cm diameter area in the
center of the anode. The dashed curve represents a calculated anode
surface teq~perature for the measured electron beam parameters,
assuming normally incident electrons , classically absorbed by a 1 cm
diameter aluminum target.
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Fig. 4 — Aluminum anode from shot 1309
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Fig. 5 — Densitomete r trace of the spectru m obtained from shot 1309.
Emission lines are from the ions indicated above the trace. Some ab-
sorption lines for ground state atoms are identified below the trace.
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Fig. 6 — The Thomson mass spectrograph data from shot 1309
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Fig. 7 — The Thomson mass spectrograph data from shot 1317
obtained with a brass anode

18

—--
----- 

- •H~. - — 
-•- - • - - •..- 

- 
•— •

~
---—

~
- - —.--,• — -.——.----

- 
- . 

-~



DISTRIBUTION LIST

1. Director
Deferine Advanced Recearch Projects Agency
Architect Bui1din~
14-00 Wilson Boulevard
Arlington , Virginia 22209

Attn I LTC B. P. Suflivan

2. Director
Defense Nuclear Agency
Washington , D. C. 20305

Attn : DDST, Mr. Peter Haas
RATN
S~~ L , Technical Library (2 copies)
RAEV (2 copies )
STVL
STSI

3. Co~~ ander
Field Cowmand
Defense !~uc1ear Agency
Albuquerque
Kirt land APE , New Mexico 87115

Attn : FCPR

4 . Chief
Field Co~mand
Defense Nuclear Agency
Livermore Division
Box 8o8
Liverm ore , California 94-550

Attn : FCPR-L

5. Director
Defense Research and Engineering
Washington , D. C. 20301

Attn: DAD (5K) Mr. G. H. Barse

V 6. Cox iander
Marry Diamond Laboratories
Adeiphi, Maryland 20783

Attn : A~~CDO-RBF, Mr. John Rosado
AlVCDO-RBH, Mr. S. Graybill
A1’DCDO-RC, Dr. Robert Oswald, Chief , lAB 300

I .

I _ 

1 •



7. Air  Force .-.~~ r’ons ,ahoratory , AY~~
~ir~~~~i~ AI~H , ~cw ~-~~xico ~7111

Attn : DY , Dr. Gut ~nt h-~r
EL , Mr . John F:~rrah
DYS, Dr. Baker
SAA
SiJL , Technical Library
ELP, TR~~ Section

8. Space and Missile Systems Organization
Post Office Box 92960
Worldway Postal Center
Los Angeles, California 90009

Attn : SKT , Mr. Peter H. Stad.ler
RSP, System Defense and Assessment, LTC Gilbert

9. Sandia T.aboratories
P 0. Box 5800
Albuquerque , New Mexico 87115

Attrt : Document Cont rol for 5220 , Dr. 3. V. ~Ta.1ker
Document Control for 524-2, Dr. C. Yonas
Document Control for Technical Library

10. Aerospace Corporation
P. 0. Box 92957
Los Angeles , California 90009

Attn : Mr . 3. Benveniste
Dr. Gerald G. Comisar, Jr.

U. University of Texas
Fusion Researc h Center
Physics Building 330
Austin, Texas 78712

Attn: Dr. William E. Drummond

12. Battelle Memorial Institute
Columbus Laboratories
505 King Avenue
Columbus, Ohio 4-3201

Attn : Mr. P. Malozzi

],3~ Maxwell laboratories, Inc.
924-4 Balboa Avenue
San Diego, California 92123

Attn: Dr. P. Korn

1k. Mission Research Corporation
735 State Street
Santa Barbara, California 93101

Attn: Dr. Conrad L. Longmire

2

_ _ _• . - . - - ~~.-~~~~~~~ .- -~~.-~~. - -  - 



15. -‘~:sics International Corporation
2~OC ~-~~r~.~e-i Street
S\fl ~~~~~~~ CThi ifornia 9 ! 7

Attn :  Do~~n~-~nt~ Control for Dr. Si~~ r~y Th~tn~’rn
Document Control for t -r .  Iar~ S iith

16. ~ & D Asz~ciates
P. 0. Box 9695
!~hr tha del Rey, California 90291

Attn : Dr. Bruce Hartenbaum

17. Science Applications, Inc .
P. 0. Box 2351
La Jolla , California 92037

Attn: Dr. J. Robert Beyster

18. Stanford Research Institute
333 Ravenswood Avenue
1~ nlo Park, California 94-025

Atth: Dr. Robert A. Armistead., Jr.

19. Dr. Victor A. J. Van Lint
Mission Research Corporation
7650 Convoy Court
San Diego, California 92111

20. Commande r
Naval Surface Weapons Center
White Oak laborato ry
Silver Spring, Maryland 20910

21. DASIAC, GE Tempo
El Paseo Building
816 State Street
Santa Barbara, California 95102

22. DDC (2 copies)

23. Code 2628 (20 copies)

214 . Code 7700

25. Code 7770 ~2b copies)

3


