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with piezoresistive gages and interferometric techniques, respectively.
Test materials selected for characterization were (1) sintered and f lame—
sprayed alumina (A1~O~), (2) plasma—sprayed aluminum titanate (Al~TiO~),
and (3) plasma—sprayed distended beryllium (PSDB). ,r’

\N.
Two additional forms of distended beryllium (sintered beryllium and
plasma—sprayed beryllium) were provided by Lawrence Livermore Laboratory
( L L L )  and tested in this program.

Electron—beam energy was deposited in the test materials to depths of
roughly 0.4 — 0.6 gm/cm2. The front—surface dose levels accompanying
the irradiation of the test materials were as follows:

Material Approximate Front—Surface Dose (cal/cm)

A 1
2
0
3 

500 and 2000

AI
2
TiO

3 
700

Beryllium 1000

The particular dose levels for each of the materials were dictated by
the needs of the analytical effort. For example, data in the vapor
region were needed for A12

0
3 

but melt—dominated response was of interest
for A1

2
TiO

5 
and beryllium.

Depth—dose profiles are presented for each of the front surface dose
conditions together with energy deposition rate curves and the recorded
histories of stress and particle velocity .
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SUMMARY

Th~ electron—beam experiments described in this report were part

of a two—year program to characterize the dynamic response of certain

porous solids to sudden deposition of radiant energy . The method of

characterization was to construct a model consisting of a thermodynamic

equation of state and including mechanical constitutive relations for

the test materials (alumina , alumlnui1i titanate , and beryllium) , and

then to use these analytical mechanisms to compute the stress histories

(hence, also impulse) and the final states (hence , also spall depths)

of irradiated porous materials.

The procedure was to use impact data and the model parameters

available from the literature to construct the best estimate for a

complete equation—of—state model. Wave propagation codes were then

used to compute stress or particle velocity histories to be compared

with the’ results of electron—beam experiments which were designed to

explore the high—energy states of test materials . This comparison was

used to adjust the initial Gr’dneisen ratio estimates , sublimation

energies , and other vapor—state parameters to fit the electron beam

data. As a final step , the model was used to predict UGT—generated
I

;, response of the test materials. The success of this method is

presented under separate cover (see PREFACE).

In  short , the utility of electron—beam data in the characterization

of porous materials was to determine or to verify

• The porous yield surface in the absence of GrUneisen
ratios , moduli , or strength reduction data.

• The fully dense equation—of—state surface near
initial porous density . 
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Although irradiation conditions in electron—beam experiments are

ultimately compromises between what is needed and what is available ,

the dose levels and energy penetration depths were chosen according to

the needs of the analytical effort. The electron—beam generator was

The Physics International Co. 738 Pulserad . Its pulse history can be

seen in Figure 2. The energy penetration depths (electron ranges) were
2

generally kept between 0.4 and 0.6 gm/cm , with some variations to

suit particular experimental geometries.

The approximate front—surface (peak) doses and the types of

response data obtained for the several materials in the program were :

Target Material Approximate Front—SurfaceDose (cal/gm)

500 700 1000 2000

Sintered Al
2
0
3 

CG CO

Flame—Sprayed Al
2
0
3 

CG

Plasma—Sprayed A1
2

T1O
3 

cG ,LDI, LVI

Plasma—Sprayed Distended
Beryllium (PSDB) CG ,LDI ,LVI

CO Carbon gage (in—material configuration)
LDI Laser displacement imterferometer (measurement in fused quartz)
LVI Laser velocity interferometer (measurement in fused quartz)

Figures 4, 12, 22, and Table 4 give the depth—dose information for

‘ these irradiation conditions. Figures 5 through 11 plot the stress

histories of alumina; Figures 13 through 17 show the aluminum titanate

data; and Figures 18 through 21 illustrate the beryllium response.
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PREFACE

This report is Volume 4 of a seven—volume series on Characterization

of the Dynamic Behavior of Porous Solids. The titles and authors of the

individual reports in the series are:

Title Authors

Volume 1 Summary of Resul ts D . R. Curran , R. E. Tokheim ,
M. J. Ginsberg , L. Seaman ,
A . B. Lutze, D. C. Erlich,
J. T. Rosenberg, and
D. A . Shockey

Volume 2 Computational Models for R. E. Tokheim
Predicting the Dynamic
Stress Response of Some
Porous Ceramics in a
Radiation Environment

Volume 3 Computational Model for R . E. Tokheim
Predicting the Dynamic
Stress Response of Porous
Beryllium in a Radiat ion
Environment

Volume 4 Electron Beam Stud ies of A. B. Lutze
Porous Beryllium and
Porous Ceramics

Volume 5 Dynamic Response of Porous J. T. Rosenberg
Beryllium——Experiments

Volume 6 Dynamic Response of Porous D. C. Erlich
Ceramics——Experiments

Volume 7 Microstructural Character— D. A . Shockey and J. P. Wi lhelm
izat ion of Several Porous
Ceramics and Porous
Beryll ium

The author is deeply indebted to Sergei Heurlin , and Gordon Harvey

of P1, and to Mr. Lee Hall , of SRI , for the numerous hours spent

between sunset and dawn wooing the electron-beam generator into

submission .
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Conversion factors for U.S . customary
to metric (SI ) unit s of measurement .

To Convert From To Multiply By

angstrom meters (m) 1, 000 000 X E -10

atmosphere (normal) kilo pascal (kPa) 1. 012 25 X E  ÷2

bar kilo pascal (kPa) 1. 000 000 X E  -*2

bars mete r2 (m 2) 1. 000 000 X E -28

British thermal unit (thermochemical) j oule (.0) 1. 054 350 X E ÷3

calorie (thermochemical) joule (.7) 4 . 184 000

cal (thermocheniical)/cm 2 mega jo ule/rn2 (MJ/ m2 ) 4 . 184 000 X E -2

curIe giga becquere l (GlSq) 3. 70 0 000 X E +1

degree ( angle) radian (rad ) 1. 745 :129 X E -2

degree Fah renheit degree kelvin (K) c~ = )t I .. 459. 67)/ i. 8

electron volt joule (J) 1.602 19 X E — 19

erg joule Id) 1. 000 000 X E —7

erg/second watt (W) 1. 000 000 X E -7

foot meter (m) 1. 049 000 X K — 1

foot— pound-force joule (.7) 1. 355 814

gallo n II .’. S. l iqu id)  meter3 (m 3) 3. 785 412 X E -3

inch meter (ml 2. 540 001) X K -2

jerk joule ( .7) 1 111)1) 000 X K c O

joule/kilogram (J/kg) (radiation dose
absorbed ) (~ray (Gy) 1. 0110 001) ‘

kilotons te rajoules 4 .1i13

kip (1000 lbf) newton (N) 4 . 4 4 4  222 X K ÷ 3

kip/inch2 ( ksi) kilo pascal (kpa) Ii 494 757 X K

ktap ~ewton-second/m2
(N—s / rn 2 ) ‘ 1.000 111111 X F + 2

micron meter (ml I III SI lIdS X F’ —II

mU meter (m) 2. 540 l U l l  X K — 5

m ile (international) meter (ml 1. 609 344 X F .3

ounce kilogram (kg) 2.~~34 952 X K -2

pound-force (lbs avoirdupois)  newton (N) 4 . 4 4 8  222

pound-force inch newt on—meter  (N .m )  1. 129 848 X E  — 1

pound -force/inch newton /meter (N/rn)  ‘ 1.75 1 268 X E  ~ 2

pound -force/foot2 kilo pascal (kPa) . 4. 788 026 X K —2

pound —force/ inch 2 (psi)  k i lo  pascal (kPa) ii 894 757

4 pound-mass (Ibm avoirdupois) ki logram (kg ) 4 .535 924 X E -1

pound—mas s -fcxd 2 (moment of ine r t i a l  ki logram-mete r2

(kg .m 2 ( 4. 214 011 X E  —2

pound-mass/foot3 k i logram/met er3 I

(kg/rn3) 1. 601 146 X E *1
ratl ( radiat ion dose absorbed) “Gray (Gy) 1. 000 000 X F -2

roentgen you lomb/k ilogra tn
((‘ “kg) 2. 579 760 X E —4

shaiie cec~ nd (g) ‘ 1 . 000 111)1) X K -~~

slug k i l ogram (kg) 1.459 390 X K 1

t r ( m r n Hg , 0 C) 
j

kllo pascal (kPai 
J~~~~~~~~~~~~l X E ~~ l j

~The becquere l (Bq) is the SI uni t  of radioactivi ty;  1 Bq — l i-vent  ‘s .
“11w Gray (Gy) is the SI u n i t  of absorbed radiat ion ,

4
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I INTRODUCT I ON

The purpose of the electron—beam experiments was to provide stress—

time data in the high internal—energy region of the equation—of—state

surface . Stress , or particle velocity , histories , generated in the

test materials (beryllium and ceramics) by rapid energy deposition ,

were recorded in two dose regimes——near melt and for aluminum oxide ,

in the vapor region——as dictated by the needs of the analytical effort

to characterize these materials .

Sections III and IV of the report describe the electron—beam

experiments and present the data on the ceramic test materials . The

experiments and data on beryllium are given in Section V .

The technical background common to both sets of experiments is

presented in Section II , below .

I.

‘1~
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- 5,’ -—-- , . 
S

1~



--‘~T~~~~~T” ~

I I  TECHNICAL BACKG ROUND

A . Selection of Irradiation Conditions

The test materials selected for characterization require high—

energy densities to reach melt and vaporizat ion ; they also possess

fast stress—unloading speeds. These properties made it necessary to

select electron beams with tI~ highest total energy content available

to reach the high—energy densities required for phase changes while

irradiating targets over areas large enough to ensure one—dimensionality

of stress waves during recording time .

Furthermore , anticipation of structure in the generated stress

histories made it desirable to deposit electron—beam energy to the

greatest available depths in the target materials. Deeper energy

deposition generates wider stress pulses , thereby enhancing the

resolution of detail in the stress—time record .

These constraints , together with its convenient proximity, made

Physics International Company (P1), San Leandro , Californi a , the

electron—beam facility of our choice .

At the start of the program , the projected specification of the

P1 OWL II generator (1.0 MeV mean—energy , 50 kJ , 50 nsec) appeared very

desirable , at least for experiments requiring substantial vaporization

7 . of the test material. With 80”~ t ransport  e f f i c i ency , the  OWL I I

promised , for example , peak dose levels of 3000 cal/g with 2—~ sec

one—dimensional read—tines even for stress—relief velocities of 1 cni/usec. 4

For these reasons , we urged the development of the so—called “small—

area beam” on the OWL II generator and planned to use it for experiments

requiring substantial vaporization of test materials . For low—dose ,

long read—time measurements , relatively less total energy in the beam

is required . We therefore planned to perform the near—melt experiments

on the P1 738 Pulserad at nominally 0.75 McV mean electron energy . As

it turned out , the small—area beam on the OWL II generator was never

~ 

-- ,--o- --
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realized , and t he data obta ined on t he P1 738 Pulserad proved to meet

the needs of our program.

The energy densities required to melt both of the ceramic materials

under study are below 850 cal/gm , whereas bery llium begins and ends

melt at 880 and 1200 cal/gm , respectively . Thus , the near—melt condition

could be satisfied for all test materials by two separate irradiation

cond it ions ; for example , one near 800 cal/gm; the other , in the

vicinity of 1200 cal/gm.

At the start  of our stud y the highest ava ilable dose level on the

P1 738 Pulserad was roughly 860 cal/gm over approximately 7 cm
2
. The

peak dose value quoted by P1 was inferred from mean—electron—energy

consideration, without knowing the effect of magnetic focusing transport

on the incidence angles of the beam electrons. In short , the needed

800 cal/gm level was far from characterized with respect to radial

uniformity and in—depth description .

Higher dose levels had not yet been attempted . However , the

860 cal/gm level had been reached with a modest 1.4 magnetic lens

ratio, which according to P1, could be enhanced several—fold by using

a larger , existing capacitor bank to drive the solenoid that supplies

the external magnetic field for beam transport . Thus , a higher dose

station appeared possible on the P1 738 Pulserad with the use of a

more intense magnetic lens , by varying some half—dozen beam generation

and transport parameters until the best uniformity over the largest

area at a prescribed dose level was achieved . This higher dose level

was realized through a subprogram funded by Air Force Weapons Labora tory

in l973,~
’ thus prov id ing t he second of t he two dose stat ions in the

near—melt zone. ‘ . 1

1’A . B. Lut~ e, “High—Dose Beam Characterization ,” PL—TN—2407—l4—l ,
September 1973. 

~
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B. Electron—Beam—Loading Diagnostics Appronch

Figure 1 schematically illustrates the experimental setup used for

all electron beam experiments in this program. The P1 738 Pulserad was

the radiation source , generating nominally 75O—keV mean kinetic energy

electrons which were fired into a magnet ic lens through two 5—mil

carbon scattering foils intended to homogenize the radial intensity

(fluence) distribution .

To vary dose levels, we manipulated fluence by changing the cathode

emission area and the magnetic lens focusing parameters.

Figure 1 shows that the beam transport region , between anode and

target , might have a considerable effect on the beam electrons .

The scattering foils did , in fact , remove small hot spots ,

presumably by redirecting electron trajectories or by absorbing sone

beam components altogether. Also , the presence of a strongly converging ,

externally applied magnetic field introduced additional uncertainties

in estimating average angles with which beam electrons would impinge on

the front surface of a target . Furthermore , the voltage was monitored

across the entire diode (see Figure 1), giving rise to a large induced .1

voltage component which was superimposed , in the monitor record , over

the needed accelerating voltage signal. -\l1 these circumstances made

it somewhat hazardous to ascertain the electron beam spectrum , at the

location of the target relying on informat ion obtained in t}~ diode. 1
Therefore , we decided not to implement the so—called “Fara d ay Cup”

method
2 

for calculating energy deposition profiles In irradiated

materials. In short , electronic diagnostic devices stood on shaky

grounds and “one—shot” depth dos imeters could not survive even the

low—dose station .

2
V . L. Bailey and A . B. Lutze , “Mixed Phase Effects In Alum inum ,”

PIF’R—246 , Physics International Company , Sa n Leandro , Cal ifo rn ia
Febru ary 1972.
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Because of the uncertainties introduced by the beam transport region ,

we wanted to derive energy deposition profiles from measurements per-

formed only in the target plane. However , even at the lower (800 cal/ gm )

of the two dose stat ions used in the exper iments , graphite

spallation and thermal cracking wonid have invalidated graphite depth—

dose—array measurements of energy deposition profiles.

We ,theref ore decided to use the transmitted fluence technique~
which relies on measureme nts of fluence through increas ing thicknesses

of a diagnostic mater ial, such as graphite , chosen for its high melt

and vaporization energies. The dose versus depth profile is obtained

from the slope of the fluence versus depth curve at the target locat ion.

As described in Section Il—C , the targets were encased in shielding

canisters to suppress the electrical noise that accompanies pulsed—beam

generation. During the diagnostic shots , the graphite filters and the

calorimeters were placed inside these canisters.

Because of the small beam spots (approximately 1.0—1.25—in. diam),

the transmitted fluence method yields only one pair of fluence—depth

coordinates per diagnostic shot. Since the performance of electron—

beam generators is often nonrepeatable , a large number of di agnost ic

shots is needed to generate a statistically satisfying fluence—versus—

depth curve. This is exac tly the approach we have t aken.

For each dose level , the set of mater ial response data shots was

accompanied by a large number of transmitted fluence measurements;

typically , twenty to forty diagnost ic shots per dose condit ion. Bot h

the data and the diagnostic shots were replicated as many times as funds

would permit.

The replicat ion allowed us to sort all the shots into typical and

atypical irradiation condition groups based on evaluation of diode

monitors . Wi t h these groups of shot s, we construc ted a dose versus

depth profile representing the typical irradiati on condit ion for the

sorted data shots.

_ _
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A limited number of filtered and unfiltered Faraday—Cup shots,

performed in each set of experiments as backup , proved superf luous

because the transmitted fluence method was always adequate.

The dose profiles derived from transmitted fluence curves are

time—integrated ; that is, they give the energy density at a given

depth in the material accumulated at the end of the beam pulse. Since

we performed all irradiation experiments on the P1 738 Pulserad operating

at approx imately the same accelerating voltage, we have assumed that the

t ime dependence of energy deposition followed the normalized power

curve of that machine.

Figure 2 shows the fraction of the total energy in the beam

generated at a given time , t. We have used this time dependence as

input to hydrodynamic code calculations modelling the data.

C. Material Response Instrumenta tion

Although laser jnterferometry was used later in this program , our

initial decision was to use stress gages , because of the relative simplicity

in collecting and reducing data. Also , gages could be sandwiched between

slabs of ident ical mater ial , thereby minimizing the effects of acoustically

mismatched lnterf aces, such as at the boundary of opaque targets and

transparent backers , as required for interferometr ic mea surements.

Furt hermore , since gages measure stress di rectly , their use was expected

to simplify data interpretation . Our choice of stress gages was based

on a number of considerat ions. The economy of one—dimensional hydrocode

calculation requires one—dimensional input data. In stress measurements ,

this requirement means that radial relief from the edge of radiant energy

deposition isust not reach the gage elements before the axially moving

stress pulse has passed through the gage plane. Thus , a small gage

element would be more advan tageou s than a lar ge one .
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Generat ion of pu lsed electron beams is accompanied by high levels

of RF noise. The chosen gage must therefore have a large signal—to—

noise rat io , from the subkilobar range to the tens—of—kilobar range .

Because resistive gage circuits are effective pick—up loops , and ,

most of the materials intended for characterization were either dielectrics

or very poor conductors , the target slabs in front of gages were not

expected to provide enough RF shielding to guarantee suitably noise—

free recording of stress waves.

Figure 3 shows a schematic of the shielding canister ultimately

used for all the electron—beam testing in this program. This canister

essentially encloses the stress gage in a conducting cylinder , whose

walls and rear lid are thick with respect to the RF frequency but are

t ransparent to the externa lly impressed magnet ic field used for beam

transport . From the beam side , at the front , the gage is covered by an

acoustically thin conducting foil located at the rear surface of an

electron—range—thick target slab. This particular foil location was

chosen in an effort to minimize the possibility of any cI~~rge buildup

at the tail end of the energy deposition profile of a dielectric target

material.

Our intent was to let the acoustically thin conduct ing foil work

in conjunction with a buffer of suitable thickness between the foil

and the gage . The foil would reduce the RF—signal amplitude , and the

buffer would delay stress pulse arrival at the gage until the RF noise

had subsided . Of course , the buffer delay plus the width of the stress

pulse would have to be less than the time of radial relief arrival at

the outer edge of the gage element .

The initial tests (3.5 pulsing shifts) were aimed at noise

suppression , with the use of the shielding canister described above.

Manganin , ytterbium , and carbon gages were compared in preparation for

stress measurements in sintered and plasma—sprayed alumina . Although

some quartz gage measurements were also tried in later experiments , the

carbon gage proved the best for our use.
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D. Summary of Experiments

Table 1 shows thIT total number of target irradiations , excluding

diagnostic shots, performed over approximately f ive weeks of pulsing

on the P1 738 Pulserad .

As noted under “Remarks” in Table 1, not all the attempted shots

yielded data usable for material characterization . In the alumina data

run (Shots 24402—24433), the four quartz gage shots were too noisy , and

Shot 24412 was lost because the beam generator misfired . In the aluminum

tit ana te  experiments , seven attempted data shots were of little value.

Nine of the PSDB target irradiations were lost.

The f irst fourteen shots were not intended to give modelling data

at al l, but were performed to select the best gaging technique and to

suppress electrical noise. However , this preliminary sequence yielded

two clean traces (Shots 24133 and 24135), which will be reported later

among the alumina data (Section III). The usable data are summarized

in Table 2 and will be presented in detail in Sections 111-V.
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Table 1

SHOT DESCRIPrIONS

Shot RF-Shield Buffer Instrument Backer Remarks

Sintered Alumina (A1
2
O
3
)

24 126 1—nil Al Glass Manganin (II )~ Glass Bad scope camera
24 127 1-nil Al Glass 

++ 
Manganin I) i )~ Glass Noise

24 128 1-nil Cu S—A 1
2
O
3 

Manganin (1) S-A1
2
O Noise

24 129 1-mil Cu S-Al
2
0
3 

Manganin (i) S-A1
2
O Noise

24 130 1-nil Cu S-A1
2
O
3 

Ytterbium S-A1 O Noise
24 131 1—nil Cu S-Al 0

3 
Carbon (1) S-Al O Noise

24 132 ll—mil Al Glass Carbon (I) Glass Noise
24 133 5—mu Al Glass Carbon (II ) Glass Quiet — OK
24 134 1—mu Al Glass Carbon (ID Glass Misfire
24 135 1—mil Al Glass Carbon (1) Glass Fairly Qu iet
24 136 5—nil Cu S—Al

2
0
3 

Manganin (1) S—A 1 O Misfire
24 137 -- Al Car bon ( 1) Al Noise
24 138 1—mu Al Glass Manganin (II ) Glass Noise
24 139 1—nil Cu S-Al 0 Ytterbium S-A l 0 Noise

2 3  2 3

Sintered Alumina  (A1
2

O
3

)

24 402 2-nil Cu S—A1
2
O
3 

Carbon S-Al O B—l
24 403 2—mu Cu S-A1

2
0
3 

Carbon S-A .=
2
O B-2

24 405 10-mil Cu S—Al 0
3 

Carbon S-A1 O A-i
24 406 10-mu Cu S-A1

2
O
3 

Carbon S-A1
2
O
3 

c-l
24 408 2-nil Cu S-A1

2
O
3 

Carbon S-Al
2
0
3 

D—l
24 409 10-nil Cu S-A1

2
O
3 

Carbon S-A1
2
O
3 

A-2
24 412 2—nil Cu S—A1

2
0
3 

Carbon S—A 1
2
O D-2 Misfire

24 424 10-nil Cu S-Al 0 Carbon S-Al 0 C-2
V 2 3  2 3
L

Plasma-Sprayed Alumina (Al
2
0
3
)

24 425 2-nil Cu S-A 1
2
O
3 

Carbon S-Al
2
0 E-l

24 428 2-nil Cu s-Al 0 Carbon S-Al 0 E-2
2 3  2 3  -24 429 2-nil Cu S-A 19O3 

Quartz —- G-l Noise
24 430 — -  Al 

— Quartz - —  F-i Noise
24 432 — -  Al Quartz -— F-2 Noise
24 433 2-mu Cu S-Al

2
0
3 

Qu a r t z  -- G-2 Noise
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Table 1 (Concluded)

SHOT DESCR IPTIONS

U
Shot RF-Shield Buffer Instrument Backer Remarks

Aluminum Titanate (A1
2
TiO

5)

**24 200 2-nil Cu FQ Carbon FQ 3-Z
24 201 2-nil Cu FQ Carbon FQ 4-Z Mis f i r e

* .1.
24 205 -- FQ LDI & LVI ’ FQ l-Yu Gap
24 206 -- FQ LDI & LVI FQ 2-Yu Gap
24 207 -- FQ LDI & LVI FQ l-X u Gap
24 212 -- FQ LDI & LVI FQ 3-Y
24 213 -- FQ LDI & LVI FQ 4-Y
24 215 -- FQ LDI & LVI FQ 2XB
24 219 -- FQ LDI & LVI FQ 3XB Atyp ica l  Beam
24 220 -- FQ LDI & LVI FQ 4XB
24 224 2-nil Cu FQ Ytterbium FQ l-Z Noise
24 225 2-nil Cu FQ Y t t e r b i u m  FQ 2-Z Noise

Plasma-Sprayed Distended Beryl l ium ( PSDB)

24 729 -- -- Ytterbium PSDB e-injection into gage

24 730 — —  -- Ytterbium PSDB e—injection into gage

24 731 -- -- Carbon PSDB e—injection into gage

24 935 — -  -- Carbon PSDB SRI-i Noise
24 940 -— —- Carbon PSDB SRI-l Noise
24 943 -- --  Carbon P5DB LLIt#12-S Noise
24 944 -— -- Carbon PSDB LLL #12-S Noise
24 946 —— FQ Carbon FQ SRI =4
24 948 —— FQ Carbon FQ SRI #5
24 949 -— FQ Carbon FQ SRI =6
24 951 -- -- Carbon P5DB LLL #10-PS
24 952 --  —— Carbon PSDB SRI #3

24 954 -- -- Carbon PSDB LLL #11-PS
24 955 -- -- Carbon PSOB LLL #13-S Bad gage
24 959 -- FQ LUL FQ SRI 7 Gap
24 960 -- FQ LDI FQ SRI #8
2 1  963 - -  FQ LI) I SRI  #9

Ll)I = Laser displacement interferometer
+LV I = Laser velocity interferoneter

= Leads parallel to gage plane
I = Leads perpendicular  to gage plane
LLL = Lawrence Livermore Laboratories

** FQ = Fused quartz
S-Al 0 = Sintered alumina

2 3
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Table 2

USABLE DATA

Shot RF—Shield Buffer Instrument Backer Remarks

S intered Alumina (Al~~ 3)

24 133 5—nil Al Glass Carbon Glass Low dose level
24 135 1—nil Al Glass Carbon Glass Low dose level

24 402 2-nil Cu S—A 1 2
O

3 
Carbon S—A 1

2
O

3 High dose level
24 403 2-nil Cu S-A1

2
0

3 
Carbon S-A1

2
O

3 High dose level
24 405 10-nil Cu S-A 1

2
O

3 
Carbon S -A1

2
O

3 High dose leve l
24 406 lO—mil  Cu S-Al

2
0

3 
Carbon SA 1

2
O

3 High dose level
24 408 2-mil Cu S-Al

2
0

3 
Carbon S-A1

2
O

3 High dose level
24 409 10-nil Cu S-A1

2
O

3 
Carbon S-A1

2
0

3 High dose level
24 424 10—mu Cu S-A1

2
0

3 
Carbon S-A1

2
O

3 High dose level

Plasma-Sprayed Alumin ’i

24 425 2-nil Cu S-A1
2
0
3 

Carbon S-A12O3 
High dose level

24 428 2-nil Cu S-Al
2
0
3 

Carbon S-A1
2
0
3 

High dose level

Aluminum Titanate (A1)~~~~~~

25 200 2-mil Cu FQ Carbon FQ Thick target

25 212 -— FQ LDI & LVI FQ Thick target

25 213 -- FQ LD1 & LVI FQ Thick target

25 215 -— FQ LDI & LVI FQ Thin  target
25 220 —— FQ LDI & LVI FQ Thin target

Plasma-Sprayed Distended Beryllium

24 946 -- FQ Carbon FQ Thin  target
24 948 -- FQ Carbon FQ Thin target
24 949 -- FQ Carbon FQ Thin target
24 951 -- -— Carbon PSDB Thick target (LLL)

21 952 -- -— Carbon P8DB Thick target (SRI )
24 954 -- -- Carbon P8DB Thick target (LU.)
.1 960 -- FQ LDI FQ Thin  target
24 963 -- FQ LDI FQ Th in  target



I I I  ALUMINA ELECTRON-BEAM DATA

The originally decreed baseline material for ‘our experiments was

sintered alumina , and this material was therefore used for most of our

alumina shots. The first two of these shots were conducted at a low

dose level (480 ± 60 cal/gn) for the purpose of improving stress gage

data collection in severe RF—noise environments. The remainder of the

sintered alumina shots were performed at a relatively high dose level

(1980 ± 330 cal/gm). Included in the high—dose shots were two plasma—

sprayed alumina target shots .

A . Preliminary Experiments in the Low—Dose Region

The preliminary testing was performed on the P1 738 Pulserad

operated at roughly 750 key mean kinetic energy of the beam pulse.

Because of the preliminary mature of these experiments , electron—beam

loading was not carefully diagnosed . However , incident fluence was
9

measured with graphite calorimeters indicating a range of 80 ± 10 cal/cm

I\ deposition profile, characteristic of this environment , was provided

by P1 and is shown in Figure 4 . Although the  depth is indicated in m iJs

of graphite , these profiles are routinely converted to depths in test

materials by areal density scaling. The product of the peak normalized

dose and the incident fluenee measured during the experiments , suggests

that the front—surface of the targets was loaded to roughly 480 ± GO cal/gm .

Table 3 describes the ta rge t  package geometries of t 1ie two stress

measurements that were sufficiently noise—free to qualify as data.
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Table 3

CONFIGURATION OF LOW-DOSE DATA SHOTS

Target RF Shield B u f f e r  Backer
Thickness Thickness Thickness Type Thickness

Shot ( i n .)  ( i n .  Al)  ( in.  g lass)  Gage ( i n .  g lass)

24133 0. 050 0. 005 0. 060 Ca r bon 0 .50

L 24135 0.050 0.001 0.060 Carbon 0.50

One nil of aluminum shielding transmitted a l5—20\’ noise spike ,

which interfered slightly with the onset of the stress signal. Five

mils of aluminum shielding reduced the RF noise to a O.6V spike , which

went to zero about 200 nsec before onset of the stress signal.

Figure 5 shows the stress history recorded during Shot 24133 , and

Figure 6 compares the first peaks obtained from Shots 24133 and 24135.

B. Experiments  in the High—Dose Region

The RF—noise pr oblem was solved by the combined use of a metallic

foil and a time delay between the energy deposition region and the gage .

A time delay was introduced by a buffer slab of the test material which

postponed stress—wave arrival at the gage until the RF—noise spike ,

attenuated by the metallic foil , subsided to an amplitude negligible

with respect to the deflection produced by the incoming stress pulse .

Data interpretation under these circumstances is simplified b\’

minimizing the thickness of both foil and buffer , but the severity of

the noise environment limits that reduction . The stress-wave propagation

time between the energy deposition region and the gage can be shortened

only with a thicker RI foil; conversely, if the HF foil must be kept

thin , then the buffer thickness (propagation delay ) must be made large ,

but not so large as to allow radial stress—relief to reach the gage

before the axially propagating stress pulse has passed throug h the

gage plane.

25
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The goals of the alumina experiments were to load the test

material to the highest dose levels available on the P1 738 Pulserad

(consistent with spot sizes giving suitable I—D read—times ) and then

to record the generated stress waves after propagating them through

several different thicknesses of cold (unirradiated ) test material.

Sintered alumina is heavily represented in the configurations

described in Table 4. Al l target slabs , except those of configuration

D, have the same thickness. The target slab thicknesses were chosen

to stop the highest energy electrons in the anticipated beam pulse .

The targer slabs were bonded to 2—mu or 10—mu —thick copper foils

(RF shields) which were , in turn , bonded to buffers 50, 150, or 300

mils thick——the intended variables in these experiments.

Configuration A has the thinnest buffer and hence , the thickest

HF foil. Configuration C has the same RF foil as A but propagates

the stress wave through unirradiated material three times thicker than

that of A . The HF foil is the sole variable between Configurations

B and C .

Configuration D is the inverse of B. In both cases , the amount

of sintered alumina between the target front surface and the gage is

the same . The only dif ference bet ween D and B is the locat ion of the

7 HF foil. The impetus for the D—configuratiom was our desire to withdraw

the ground plane two additional electron ranges deeper into the (dielectric)

material , to allow us to record the effect of the worst possible charge

buildup . One of the configuration D shots did show a late arriving

pul se w ith reduced ampl it ude , as could be expected from change buildup

effects. This qualitative observation confirms the use of the HF foil • .

as a char ge dra in . Unfortunately, a replication of this shot failed

because of machine prefire .

The target slabs of the K—configuration are plasma—sprayed alumina ,

although the buffers are s intered. 

-.,~~- 
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The analytical  expressions of energy deposition profiles of Table 4

were derived from a large body of transmitted fluence measurements.

These expressions are capable of tracking modest shot—to—shot variations

in peak accelerating voltage using a method described in References 1

and 3.

Figures 7—11 show the carbon gage records for configuration A—E ,

as listed in Table 4.

- 4

...

Lutze , “Empirically Fit Depos it ion Prof iles Reflecti ng Dependence
on Accelerat ing Voltage” (in preparation).
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IV ALUMINUM TITANATE ELECTRON-BEAM DAT A

A . I r r ad ia t ion  Conditions

The P1 738 Pulserad was used as the source of approxim~itely 700

keV mean electron energy . The energy deposition prof i le  in Figure  12

was obtained by t ransmi t ted  f luence measurements , which were scaled

from graphite  ( 1.8 gm/cm
3

) to a l u m i n u m  t i t a n a t e  (Al
2

TiO
5

) (3 . 4 gm/cm
3)

by areal density .

B. Response Measurements

Laser in ter ferometry  was the main ins t rumenta t ion  technique . The

displacement and the veloc ity modes were used s imul taneous ly  to s impl i fy

data interpretation and to safeguard against loss of information should

the particle velocities be too fast for the displacement mode or too

slow for the velocity mode. The delay leg in the velocity mode was

adjusted to provide as much overlap between the two modes as possible .

We began the data collection with a few stress gage measurements to

confirm laser interferometer setup parameters .

The objective of the target package design was to make measurements

as near as possible to the energy deposition region . The package design

was complicated by electron penetration through the porous target

material in excess of areal density scaling expectations with injection

of excessive currents into gage circuits , and by the need for a good

mirror for interferornetric measurements.

~\ mirror could not be vapor—deposited onto a porous surface , so

we bonded the range—thick (approximately GO nil) a l u m i n u m  titanate

targets to thin (approximately 20 nil) fused silica buffers . The

instrumentation plane (gage or mirror) was then  located in  the  fused

silica between the thin buffers and the thick (approximately 250 nil)

backers . To shield the stress gages in t he  target packages from H—I’

noisc , we put a 2— mil copper foi l a t  the  target—buffer interfaces .
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Eight target  packages were prepared for  i r r ad ia t ion: two w i t h  carbon

gages , two with y t te rb ium gages , and four  w i t h  mirrors vapor—deposited

onto the backer surfaces for interferometric measurements .

The two ytterbium gage records were overwhelmed by electrical

F noise, and one of the carbon gage measurements was lost because of

improper pretriggering of the gage power supply. The only gage trace

L obtained , Figure 13, is weakened by a large noise signal just preceding

the stress pulse . The purpose of this measurement was to study peak

stress arrival and amplitude to take the best advantage of available

oscilloscopes in displaying laser interferograms .

Figure 14 shows the particle velocity profiles in fused silica

for three of the four target packages prepared for laser interferornetric

measurements. One of the four , not shown in Figure 14, yielded no data

within the time of observation——probably because of a substantial gap

between target and buffer . Shot 25205, in Figure 14, shows the effect

of a lesser gap . After Shot 25205, the remaining target packages were

disassembled and rebonded . The results are seen in the profiles for

Shots 25212 and 25213 ; the latter appears affected by reduced machine

output .

-‘ 
Examina t ion  of machine—out put monitors suggests tha t  Shot 25212 is

the response to energy deposition shown in Figure  12 for the thicker

target  conf igura t ion .  Figure 15 shows the da ta  obtained on Shot 25212.

Aside from the absence of a 2—nil copper foil , the target  conf igura t ion

is ident ical to that  of the carbon gage record shown in Figure 13 .

The par t ic le  velocity p rof i le  fo r  Shot 25212 was ~~ tained from

simul taneous  displacement and velocity i n t e r fe romete r  measurements .

In Fi gure 15, circles represent da ta  f rom oscilloscopes run at

20 nsec/cm , while crosses give data from a 50 nsec/cm oscilloscope——

the last in a cascading oscilloscope array .

_ _ _  
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The “thick—target” design prevented energy deposition in bonds

but necessitated measurements outside the energy deposition region.

We also assembled four target packages in which the target was less

than range thick (approximately 20 mils hafnium titanate). The target

was pressed against the fu sed silica buffer a rri bonded only peripherally

(no bond at the interface).

Irradiation of the f irst two unbonded , thin targets yielded no

data , and on close examinat ion of the irradiated target packages , we

found that the peripheral bond had crept in at the edges between target

and bu f f e r , thereby separating them. We decided to disassemble the

rema ining two thin targets and to bond the dry interfaces in the hope

that a thin enough bond in the energy depos ition region would be either

“modelable” or negligible.

Figure 16 shows the bonded , thin—target particle velocity data

from simultaneous measurements in the displacement and the velocity

modes dur ing Shot 25220. Figure 17 compares the results from the

irradiat ions of the two bonded , thin targets——Shots 25215 (velocity

mode only) and Shot 25220. 
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V BERYLLIUM ELECTRON-BEAM DATA

The P1 738 Pulserad was used to measure stress profiles generated

g

in bery l l ium by electron beam irradiat ion at peak dose levels below

i ts melt energy . These exper iment s were performed to observe t he

ef fec t  of pore compaction in the heated region (below m e l t ) .

The beryl l ium targets were assembled in two configurations :

in—material and quartz—backed . The in—material configurations consisted

of a carbon gage bonded between two 200-mil-thick slabs of porous

beryllium. The first slab served as the target ; the second , as the

backer,

In the quartz—backed configuration , 100—mu porous beryllium

targets were butted against and peripherally potted to 63—mu fused

quartz buffers . A carbon gage was then bonded between the b u f f e r  and

a 0.25—inch fused quartz backer slab . Quartz—backed configurations

were also fabricated for laser interferometer recording of particle

velocities. An aluminum nirror was vapor—deposited onto the rear

surface of the 63—mil buffer , which was then bonded to the 0.25—inch

backer . The carbon gage and the interferometer packages contained no

bond at the interface between target and fused—quartz buffer , since

that interface was i ntended to be in the energy deposition region.

This arrangement was motivated by a desire to capture the stress wave

(emerging f rom the heated region of PSDI3 ) in some we l l—charac t e r i zed ,

e las t i c  mater ia l , thereby preventing stress propagation th rough  both

heated and cold , porous b e r y l l i u m ;  we gambled t h a t  the b e r y l l i u m

targets could he butted against the fused—quart z buffers in acoustic

contac t , that is , constructed without a gap between them .

L 
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In addition to the SRI baseline test mater ia l  (PSDB) , two mater ia l s ,

-
- 

• plasma—sprayed and sintered beryl l ium , were supplied by LLL. These

materials  were instrumented at SRI and are included in the experime nt s

reported here . Table 5 summar izes these materials and their test

configurations .

Table 5

TEST MATERIALS AND INSTRUMENTATION CONFIGURATIONS

Conf igurat ions
Target In—material Quartz—backed Quartz—backed
Material (carbon gage) (carbon gage) (interferometer)

SRI PSDB 3 3 3

LLL plasma—sprayed
beryll ium 2 — —

LLL sintered
beryll ium 2 — —

Note: LLL was limited to a total of four shots but was given
a choice of selecting target configurations . F
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A , Response Measurements

Figures 18—21 give the material response data representing combi-

nat ions of two packaging and two instrument at ion techniques .

Figure 18 shows the results of two laser—interferometer measurements

in the displacement mode. Discrete points in Figure 18 are avera ge

velocities computed from half—fringe displacements (0.122 rim) over the

t ime durat ion between t hem , The interferometer output was displayed on

six cascaded (overlapping) osc illoscopes , each operated at 50 nsee/cm

and giving better than 10 nsec time—resolution . The difference between

the two part icle velocity prof iles is most likely attr ibutable to

shot—to—shot variations in electron—beam irradiation conditions .

Figure 19 displays two carbon gage measurements in the quartz—

backed configurations. In both cases , the loading calibration was used

to reduce the unloading portion of the profile . The more appropriate

unloading calibration can be used whenever one becomes available.

Carbon gages were approximately 60 mils (of fused quartz) away from

the energy deposition region; that is, no energy was directly deposited -

• in the gage .

Experiments reported here included four stress measurements with

two types of beryllium targets provided by LLL and instrumented wit h

carbon gages (in—material configuration) at SRI. Figure 20 displays

stress histories measured in the plasma—sprayed LLL targets , which were

similar to PSDB in density and method of preparation , unlike the sintered

version. Shot 24 951 in Figure 20 (dotted line) may have received a

stress contribution from a thin layer of conducting paint . Posttest

Inspection of that target showed traces of conducting paint (used to

improve grounding f or noise suppression) on the target front surface .

The paint applied at the target periphery apparently was not suff ic iently

dry and ran across the front surface during pump—dow n when the target

was in a vertical position. Subsequent tar get s were allowed to dry

thoroughly before irradiation and showed no evidence of paint on front

surfaces . None of the interferometer shots required paint grounding .
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Three carbon gage measurements were a t tempted  with the in—material -

c~onfiguration in PSDB, Two of these yielded no records , Shot 2-193 5 was

too noisy , and the other package suffered a poor electrical contact in

the gage . Figure 21 shows Shot 24952 compared with the LLL plasma—

sprayed data from Shot 24954.

B. Irradiation Conditions

In diagnosing electron beam conditions our approach was to identify

a radiation environ~nent that was common to some of the response data 
-

shots as well as adequately represented among the diagnostic shots . We

used transmitted fluence measureme nts to define a normalized energy

deposition profile and an incident fluence representing the loading

conditions for some of the response data. Replication shots were

performed to irerease the probability of find ing data with similar

radiation loading and to indicate the extent to which beam nonrepeat—

ability was reflected in the response data .

Figure 22 displays the normalized deposition profile and the incident

fluence , obtained as described above , and identifies the response data

shots for which these loading conditions apply.

C. Comparison and Evaluation of Results

The response c~ata  reported here consist of p e r m u t a t i o n s  of two

packaging  and two i n s t r u m e n t a t i o n  techniques . In p a r t i c u l a r ,

( 1) Rang e—th ick  PSDB quar tz—backed  p a r t i c l e  ve loc i ty
measurements  in fused qua r t z .

(2) Range—thick  PSDB quar t z—backed  stress measurements
in fused q u a r t z .

(3) I n — m a t e r i a l  stress measurements precede ’ by twice—
range—thick PSDB.
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The extent of nonrepeatability in the beam conditions appears to

be quite reasonable considering replications of each configuration

separately . (Figures 18, 19, and even 20). The error in grouping the

four data shots in Figure 22 by similarity in voltage and current traces

must be less than the effect of overall beam nonrepeatability evidenced

by response variations within a data pair (the same packaging and

instrumentation technique).

Comparison of Figures 18 and 19 shows a significant difference

between the interferometer and the carbon gage responses . The comparison

can be somewhat quantified by considering two shots with similar beam

loading condition . Table 6 shows some parameters useful in the comparison.

Table 6

COMPARISON OF IN TERFERO METER AND CARBON GAGE DAT A UNDER
IDENTICAL PACKAG ING AND SIMILAR IRRADIATI ON CONDITIONS

Interferometer Carbon Gage

Shot No. 24960 24948

Arrival of peak stress (pi.sec) 0.95 1,10

Peak stress in fused quartz (kbar) 0.48 0.53

H 
• 

Rise time from 10~ of peak (~ sec) 0.38 0.35

Width at half—maxim um (u.sec) 0.39 0.77

• The two measuring techniques agree rather well during the loading

portion of the pulse but are in considerable variar,ce on the unloading

side. Since the loading calibration was used in reducing entire carbon

gage traces and the unloading calibration is not yet available , the

laser interferometer traces must be considered more reliable measurements

on unloading .



~~~

When compared with carbon gage measurements , the interferome ter

data  benefit by three other circumstances that ease interpretation :

(1) The ins t rumenta t ion  plane was negl ig ib ly  t h i n
(va por deposited mirror and only one bond),

- 
I 

allowing equilibration times to be neglected .

(2) The output signals had better time resolution
(displayed over six oscilloscopes).

(3) The onset of signals was unobscured by noise .

• The in—material , carbon gage configuration was used in these

experiments as backup data . Of necessity, gages were placed behi nd

roughly two—range—thick slabs of PSDB ; hence the gage records reflect

stress propagation through heated and cold material. From the packaging

standpoint , the range—thick PSDB backed with fused quartz is a better

configuration for modeling , since the “cold ” propagation occurs in a

mate r i a l  a l r e a d y  well  charac ter ized , i .e . ,  f u s e d — q u a r t z  b u f f e r .

Thu s , cons ider ing  al l  the da ta  in these experiments , the  q u a r t z —

hacked i n t e r f e r o m e t e r  record s appear to be the most re l iable  and the

easiest  to in te rp re t .
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ATTN: Joh n K. Stevens, l:_ 5 IIII

HQ USAF/RD
ATTN : RI)PM Battelle Memorial  Institute
AT TN: RDQ AT’l’N: Merwvn It . Vander lind
A T I N :  IJ I)QSM A l l \ : W. Pfeifer
A F I N :  RD
ATTN : RDQPN The Boeing Company

A l’TN : Brian Lempriere
SAMSO/l)Y

A r T N :  DYS Brown Engineering Company , Inc .
ATTN : Ronald Patrick

SAMSO ’MN
A F F N :  M N N II Effects Technology , Inc.

A T F N :  Robert \~ engier

SAlI SO/ IIS
A l T N :  IDiSE General Electric Company
A r r N RSS Space Division

A F I N :  G. Harrison
Commander in Chief A T i N :  Carl Anderson
Strategic Air  Command A l F N :  i ’h ill ip Cline , Rm.  771111

ATTN : l)OXT
A F I N  XPFS Ge neral Electric Company

TE MPO—Cen te r  for I~Ilv anceIl Studies

F : N F I t G v  RE SEA II CII  & DEV ELO I ’MF:NT ADMINI STRATI ON A l I N :  I)AS 1A(’

Divi s ion  of ?,h i l itar, App licati on ( encrat Research Corp oration

A F l \  t )oc . (on ,  for Rca . & Dcv . Br. A l F N :  Robert I - : Rosenthal
A F F N :  Dec. Con , for CDII Richard F:. Peterson
A I l N :  Doe. (‘ott . f • • i

l .ieutenant ( 1  lu nch I )onah,l I .  Mc Nul l
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D EPARTMENT OF DEFENSE CONTRAC’I ’ORS (Continued) DEPAR TM EN ’I’ OF DEFENSE CONTRAC I OI(S (Con t inued

Institute for Defense Ana lyses Science App lications , Inc.
A F I N :  Joel Bengston A VrN J. Courtney
A F I N :  IDA , Librarian , Ruth S. Smith

Southern Research Institute
Ion Physics Corporation A l T N ~ C. D. Pear

AT’f N: Robert I). Evans
Stanford Research institute

• Kaman Avi flvne A k I N :  Donald Curran
l) ivision of Kaman Sciences Corp . A TTN: h lc ibe i t  K . Lindberg

- • ATTN Norman P. Hobbs ATTN: George B. Abraflamson
ATTN: Donald A . Shockey

Kaman Sciences Corporation ATTN: M . J. Ginsberg
ATTN:  Albert P. Bridges ATTN: A, B. Lutze
ATTN: Thomas Meagher ATTN : J. P. \l i ihelm
ATTN: Frank hI. Shelton -J
ATTN Jerry L. Harper Stanford Research Institute
A l F N :  John B. Iloffman A l I N :  Harold Carey

Lockheed Missiles & Space Company Systems, Science & Software , Inc.
ATTN : A. P. Hat’dt ArrN: G. A. Gurtman
ATTN: Lloy d F. Chase A I F N :  Russell E. Duff
ATTN : Raymond H. Capiaux
AT FN: F. G. Borgardt Terra rek, Inc.

A’FTN: Sidney Green
Martin Marietta Aerospace
Orlando Division

AT TN : Laird Kinnairci

McDonnell l)oug las Corporation
A F l N :  L. Cohen
A l F N :  J. Kirb y
ATTN: J, F. Caribotti
A l F N :  H . J. Ree k

National Academy of Sciences
A F l N :  National Materials Advisory Board for

Donald G. Groves

Northrop Corporation
A l I N :  I)on h icks

i ’hvsics International Company
A I h N :  Dec. Con , for •lann’s Shea

Prototype Development Associates , Inc .
ATTN : Joh n Slaughter

it & I) Associates
A F F N :  Ali,ert L. Latter

7 A I F N :  Jerry Carpente r
~~I b N :  Harold L, Brodc

A F i N :  F. A F i eld

Sci e’ncc Applications , Inc.
- • ATTN: H . F i sher

A F I N  - C. Ray
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