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1. INTRODUCTION

SAl , in conjunction with SLA and RDA , has investigated the

feasibil ity of performing an x-ray attenuation measurement to determine

the time-dependent density and composition of material in a shock-driven

pipe. In the Hybla Gold nuclear underground test , shock fronts w i th
initial pressures as high as 50 kbars were driven into concrete and steel

pipes . The shoc k front movin g down these pip es a b la tes ma ter ial from the i r
wal ls , so that at any given location the initial leading edge of the air

shock quickly gives over to pipe debris. Figure 1.1 presents the predicted

mass density profiles for air and concrete debris at 70 meters from the

initiatin g pressure front in a three foot diameter concrete pipe . The

Peak shock pressure at this loca tion was predicted to be about 6 kbars ,

down from 50 kbars at the head of the pipe. This report presents the

results of a study undertaken to design an x-ray densitometer system to

determine the time-dependent density and composition of the material in

such a pipe and under such conditions.

The work was carr ied out in conjunction with a similar

effort under the direction of Dr. Jacques Hoefelder of Sandia Labora tory ,

Albuquerque (SLA), who was involve d in designing a similar experiment as

part of the overall SLA effort on Hybla Gold. Dr. Morgan Grover of RDA

also devoted a si gnificant amount of his time to the conceptual design of

the experiment and to coord i na ting the SLA and SAT efforts.

The initial stage of the study was concerned with defining

an experimental system capabl e of determ ining the desired flow parameters.

Typical of the various topics addressed were the following :

i) The characteris tics requ i red of an x-ray source adequate

to generate observable signal levels for a few milliseconds.

ii) The desi gn of a suitable x-ray detector system with

response characteristics capable of determin ing both material density and

composition. .

/ — - - — -  - . _ _  
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Figure 1.1. Material densities for shock wave driven through

a 3 foot concrete p ipe at 70 
meters.6



iii) The design of an /--ray line-o f—s i~ ht, system t~iat would
not perturb the pipe flow , not attenuate the x-ray beam , a nd su rvive thc’

pressures genera ted in the pipe .

iv) The shielding and/or configuratior l re,e’;sary to red~. ce

ganina , neutron and EMP induced background levels to less than the predicted

signa l levels.

In order to verify calculated background levels and detector

survivabi l i ty for the few mi l l isecond s required , ‘f II fielded two / - r ay
detectors in a typical experi menta l configuration on the Hybla Gold event.

7



2 . TE CHNICAL DISCUSSION

2.1 General Problem

The x—ra y densitometer system should be (~Jpa blo of

determin ing shock flow conditions as shown in Figure 1 .1 . Table 2.1

l ists narrow beam x-ray transmissions through one meter (if air , concrete
(ordinary and rock matching) and iron at densities of i0 ’ , 10 ’, an d 10~~
g/cm 3 . To determine uI~terial densities in a one or three foot diameter

pipe as use d on Hyb la Gol d , the x-ray beam is assumed to traverse a pipe

diameter through suitably transmitting x-ray window s in the nipe wall.

Constraints on the mini m um window thickness necessary to r llii ntain pipe

wall integrity during the shocked flow will place a lower limit on the

x-ray energies that can be obseried . For example, a 2 cm thickness of

beryllium is only 10 percent transmitting at 10 keV , ‘~5 percent transmi tting

at 15 keV and 55 percent transmitting at 50 keV. Since windows are required

on either side of the pipe diameter , it is appa rent that only energies above

15 keV can be transmitted effectively through the pipe walls. To distingui sh

air from concrete at densi t ies of 10~~ to 1 0 2  g/cITi~ , two separate x—ray

transmission measuremen ts at differing energies are required , one as low in

energy as possible , around 20 keV, the other as high in energy as possible ,

above 50 reV.

‘T hese two energy bands must he ohtd ined by combining an
x—ray source with a suff iciently wide band or dua l band output with a
suitable x—ray detector system . Signa l level constrain t ,’, necessitate
both as intense an x-ray source as possible and a very sensitive x—ray

detect i on techni que .

2.2 X-ray, Genera tors

Commercially available x-rdy generators d i r ” t a current of

high energy electrons onto a suitable target to produce a bremsstrah lung8



Table 2 .1. Narrow Band X—Ray Tr a ns m is s ion ~~ru ’igh
One Meter of Pe le’/ ~int M~ter ia ls

— 

Ma terial   [nerg~’- keV
density f~5 1’~~~ 20 30 

- 

4
g/cm 3 — - - - -

Air
.610 .857 .928 .966 .976 .Y ~U .982 .984

102 .007 .214 .475 .710 .784 .815 .830 .847
10 ’ - - - - .001 .033 .02~ .129 . 5 C  .~~9N

Ord i nary
Concrete ’

10~~ .~ 7O .438 .698 .229 .942 . ~5? .971 .979
102 -- -- .027 .~ U7 .~ 5. .C~ 1 .748 .810
10’ — —  — —  — —  — —  .U1J~ .021 .055 .

Rock Match i n g
Concrete 2

IO~~ .005 .188 .453 .763 .589 .74 1 .827 .909
1O~~ - - - -  - - .067 .005 .050 .150 .387
10~

1 
- -  - -  - -  - -  - -  - -  - -  --

I r o n
10~~ - -  .004 .083 .443 . C O E I .~ ?4 .888 .942
10 2 

-- - -  - -  -- .027 .143 .304 .552
10’ - -  - -  - - - -  - -  - -  -- .003

‘Composition by weight: .006H , .498 0 , .O l7Na , .002Mg , .C46A 1 , .316S i,
.001S , .019K , .OR3Ca , .Ol2Fe .

~Compositi on by weight: .03H , .53 0, .O1A1 , .l2Si , .05S , .O6Ca , 2OBa

.9



continuum of x—radi ation with some few percent addition of characteristic

radiation from the target material .1 The brem sstrahlung power for

submega volt electrons is given roughly by2

P = 1.1 x 1O ’
~ V 2IZ (2.1)

where P = the x-ray bremsstrah lung outpu t in watts

V = the electro n energy in volts

I = the electron current in ampere s
/ = the anode a tomic number.

X-ray machines are of three basic types:

a) 5 kW continuous mode wa ter or oil cooled anode tubes
with opera ting currents in the tens of mill iampere

range at 150 kV;

b) 100 kW pulsed mode tubes of liquid cooled or rotating

anode design produc ing 100 ins wide pulses with current
levels as high as a hal f  ampere a t 150 kV;

c) 500 MW field emission diodes producing 100 ns wide

pulses wi th current levels of 2 to 5 kA at 150 kV .

The continuou s mode x-ray generators are readily available

from a number of manufactu rers (Phi l ips , Pickler , Machlett ) and are limited
in the ir output level to the power that can he dissi pated in a wa ter or oil
cooled target. The low and intermediate level generators utilize a heated

fi lament as their electron source. Filament sagging preve imi s generating

1. C.E. Dick , A.C . Lucas , J .N. Rotz , R.C. Placious , and J.N. Sparrow , Large
Angle X- Ray~froduction by Electrons , J. App l. Phys. 44 , 2 (1973).

2. A.H. Compton and S.K. Allison , X-Rays in Theory,and Experiment~
D. Van Nostrand , (193~).
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I signif icant ly higher current levels because of  the close filament-anode

spacing required for e f f ic ient  operation. Stat ionary anode tubes can be

pulsed at power levels of 30 kW , whi le  rot~ting dnode tubes can be pulsed
at higher levels of 100 kW because of the increased anode area available

to dissipate the hea t load without physical damage . A r:h1~r qed ca pac i tor
bank is used for the power source , with a volt age drop of about 10 percen’.

occurring in a few tens of milliseconds at full output.

In the most intense type of x-ray generator , the exciti n !

electron cu rren t i s p ro duce d by field emni~ sion from a coni ckl cathode.

The current level in such tubes ‘is limited to the uiax ~ rnurmi cu rr ent that

can readily be carried by a coaxial cable. Hewlett-Packa rd pres ertl’~
manufac tures the FEMCO flash x-ra y system utilizing a sing le HV cable.

Physics Internationa l (PT) has built a similar flash x—r ay system (COBRA )

util izing three HV cables for increased yield , but this generator is nut
in commercial production. Sinr ’ the f lash x -ray syste m c,-innot be rechdri ed
and refired on the m i l l i s e c o n d  time s~ ile required , d r !1n~l)Or of such
generators would have to be fired sequen tially every few tenths of a

millisecond to obtain a series of 5~) to 100 ns snapshots of the shocked
flow .

All three types of i-ray generator require running a 150 kV

coaxial cable from a high voltage DC or capacitor bank power source and

control unit to a reasonably comnact x-ray head. Fielding such a system

underground would require careful design hut should not present any

insurmounta b le pro b lems .

The cost of a continuous anode system is about 20K; the
cost of a rotating anode system is about 35K; the cost of an array of six

flash x-ray generators would be about 50K.

11



Even wi th the most sensi t ive x-ray detection system that
can be fielded in a UGT environment, as will be discussed in the next

sec ti on , signal levels on the order of milliamperes are all that can he

obtained wi th the f l ash  x - ray system , microa mpere s from the pulsed x-ray
system and nanoampere s from the continuous x- ray  system . The f lash
x-ray system thus offers the maximum chance of obtaining signa l levels

that can be readily resolved from neutron and gamma induced background ,
as well as f rom EMP levels and DC of fsets affect ing the late -time recording
of the data . The addi t ional -e f for t  to fire sequential ly a number of such
tubes over a period of a few milliseconds is jud ged to be not prohibitive

and readily justified by the increased signa l levels.

F igure 2.1 presents the calculated spectra l output of a

Hewlett —Packard Model 4373A Flash X -ray System run at 170kV , 2kA and
employing a tungsten anode and 25 mil thick bery l l iu m window for maximum
bremsstrah lunq output. The total outpu t of 1.0 MW is a factor of 5 less

than the output predicted from Eq. 2.1 , primarily because of source
geometry and absorption effects in the x-ray anode and window assemblies.

In addition to the brenisstrahlung output , about 6 percent additional

radiation comes out in the tungsten K l ines at 60 keV .

The f lash x-ra y tube can also be made wi th  a molybdenum
anode. The bremss trahlung output of this tube is about half that of the

tungsten anode tube , but th ’~ output intensity in the character ist ic
molybdenum K l ines at 17.8 keV is 5 times larger , being about 60 percen t

of t he tota l bremss tr a h l u n q outpu t . 4 mol ybd enu m anode tu be coul d be
used to enhance the i-radiation reqi.. ~‘ed to make a low energy transmission

measurement below 20 keV. Figure 2.2 presents the calculated spectra l

output of a Model 5296 flash x-ray system run a t  150 kV and 2 kA and
employing a molybdenum anode and 25 mil thick beryll ium window.

12
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2.3 X-ray Detectio~~Techn i ques

In order to dist inguish shocked ai r  from ablated w~~l

material , two transmission measurements are requ irel . A high energy

measurement is required to dete rm i ne the total mass in the line-of- sig i

independent of the element al com position , since at sufficiently high

energy all mater ials attenuate x -radiat ion by Compton electron sc at ter ing
which is dependent only on the total number of electrons. At low energi es ,

m a t e r i a l s  in t e rac t w it h x—rays primarily through photoelectr ic absorpt io n
which is strongly dependent on atomic number . For air , Cr~ipton anci

photoelectric absorption are comparable at 30 keV ; for ordinary conc ret ”
containing prir ti arily oxygen , silicon and calcium , at 50 keV; for r~ ck

matching concrete containing an additional 20 perc ent. barium by weight ,

at 150 keV ; for iron , at 100 keV. Figure 2.3 presents absorption coef ficients

for the above materials and also the corresponding trdnsm ission through i

one meter path of material at 10~
’ g/cm ’

~ density.

Two transmission measur ements are requ i red to determine

both total areal den sity and material composition: one measurement at a

sufficiently high energy that all attenuation is essentiall y through

Compton scattering , one measurement at a sufficie ntl y low energy that the

photoelectric attenuation is ind ic ativ f of the a tomic numbe r of the

attenuat i ng mater ial .

In a two transmission measurement to lr’te rmn i ne density and

composit i on , the equat ions for the measure d t ransm i ss ions , T and T’ , are
given by

ln T = p 1 X 1 + ii 2 X 2 (2.2a)

ln T ’ = ij 1 1X 1 + ij 2 X 2  (2.2b)

15
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Fi gure 2.3. Abso rption coefficients and transmissions for

ma teria ls in shocke d pipe .
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where X 1 and X 2 are the areal densities of the two nt a teri cils in the x-ray
beam , p~ and P2 are their respective absorption coefficie nts , and the

unprimed and orimed quantities refer to the average energies E and E 1

at which the separate transmission measur ements are perfo rmed .

At energies sufficientl y great tha t Comnpto n ‘.ritt e rin a

dominates photoelectronic absorp tion , i~ 
- .  “ i~ ., w h~~- r~ ~ is the tota l

Compton cross sect io n , so tha t , the tota l area] density in the beam ,

X 1 + X 7, is given by

(Xi + X2 ) = ln 
~‘~ c (2.’

~)

In genera l , however ,

X 1 + X2R ln T/p1 ( 2 . 4 a )

+ X2 R’ = ln T’/p 1 (2.4b)

where R = P 2/ 0 1 ,  R’ = p 2 / c 1 .  These equations are read ily solved to

y i eld the resul ts :

= ln T/j,~~ - lnT ’/p 1 ’
R - P (2.5)

In order that these equation s have well defined solutions ,

we require : i) R/R 1 ~ 1

ii) ln T, in T’ well determ i ned.

The requirement tha t RIP’ / 1 impose ’ .on ’ , t r j i n t s  on the

energy bands in which the transmission measurements should be made . For

exam p le , for E “ 30 keV and L 70 keV , R/R’ -
~ 2 f o r  discriminating air

from concrete , but R/R’ = 1 for discri m inating air from rock matching

grout (0.2 Ba).

The accuracy of the transm ission measurement is expected

to be abou t 5 percent for transmissions between 1 and 0.2. It is not

17



anticipated that either signal level magnitude or the dynamic range of

the record ing system wi l l  a l low transmissions less than 0.01 to be determined .
These uncerta i nites in I~T/T ,

AT/ I -. 0.05 (1 1 - 0.2)

Al/T = 0.01/T (0.2 — T - -- 0.01)

I u ndefined (1 ‘ 0.01)

can be used to estimate the uncertainty in lnT through the approximation

ln(T + ~T) ‘ -‘ m l  + fT / T  (2 .6)

so that

A lnT AT/T 2 7loT lnT

This quantity is graphically presented in Figure 2.4 as a

function of I for the assured uncertainty in the determination of t I/T.
Transmi ssions from 0.01 to 0.8 wi l l  be required for determining the area l
densities X~ and X 2 with better than 20 percent accuracy.

Two h igh sensitivity x-ray detection techniques are suitable

for obs ervin g the x-radiat ’ i on from the x-ray generator. Figure 2 .5 presents

a conceptua l layout of both de tection techniques. In the f irst and simpler ,
a silicon solid sta te detector (SSD) observes the x-ray source directly,

possibly through a band defining K-edge f i l ter. Si l icon is the x-ray
absorbing element in such a d ’tector and the detector thickness is typically

on the order of 1 mm. As a result , the detector becomes increasingly

transparent to ra di at i on hig her in energy than 20 keV and hence is suitable
only for the lower energy transmission measurement.

The alternative x-ray detection technique utilizes a scintillator

coupled to a high gain photomultiplier to observe the K fluorescence from
elementa l ma terials placed in the x-ray beam . The f l uorescer photoelectrically

18
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absorbs photons wi th energy greater than i ts K- n lq c  energy and characterist ic

K x—rays are emitted when the K-shell electron va .ancy is filled by an

L-s hell electron. The fluorescent radiation can then be measured by a

su i tably collimated x-ray detector , in this instance a scintillator U

generate a light puls e from the incident K fluorescence ari d a photo multiplier

tube to convert this light pul se into a measurable electron current. To

obtain additiona l energy resolution , a n elementa l  f i l t e r ’ with a K edge

slightl y hi gher in energy than the fluorescer K edge ~ri ei- used to

prefer entially trans m it to the fluorescer those x-rays that fal l in the

region of re lat ively low absorpt ion ,just bel ow the f i l t e r  ~
‘ - i bso rotion

edge. In this way, a filter -fluorescer c h a n n e l  can be obtained with response

peaked between the filter and fluore an r ’ K edges.

The fluorescer/scintill ator -ph oton iultip lier channels can

observe average energies as low as about 30 keV with a m olybdenum fluorescer

(K edge energy of 20 keV), as high as 70 keV wi th an erbium fluorescer

(K edge energy of 57.5 keV). Higher energy channels are not necessary for

distinguishing air from concrete since both materials absorb x-rays by

Compton rather than photoelectric absorption above 50 keV.

In Figure 2.5 two f luorescer channels are indicated as
being fielded in a common line-of-sight with an unfiltered solid state

detec tor channel . This configuration for the three channels is readily

realized with no significant penalty in channel response , since the in-beam

components in the preceedin g lower energy channels can be de s ig ned adequate ly
thin that they are essentailly transparent to the x-rays being measured by

the higher energy channels fiel ded be hi nd them. The solid state detector

is mounted in a transmission mount so tha t onl y the s i l icon disc is in the
collima ted line—of—sight. In this fashion , a si gn i f ican t savings can be
accomplished In the design of the l ine-of-sight system , since only one
pair of x-ray transmitt ing windows is requ i red to provide x-ray transmission

through the pipe wa l ls .
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Figure 2.6  presents the response functions for an unfiltered
300pm thick SSD , a 20 mg/cm ’s moly bdenum fluorescer filtered by 50 mg/cm 2

of Sn and fielded behind the SSD , and a 200 m y / cm 2 erb i um fluorescer fielded

behind the molybdenum fluorescer. The x-ray source is assume d to be three
meters from a 5 cm 7 collima tor defining both the irradiated SSD area and

the i rradiated fluorescer area. The scintillators are assumed to have a

c o l l i m a ted area of 5 cm 2 and to be 30 cm from the fluorescer. The combined

x-ray sensitivity of the scintillator -photo m ultiplier combination is assumed

to he 102 coulombs/jou le of incident x-rays , corresponding to a 106 qain

photo nm u ltip lier coupled to a lead or tin loaded plastic scintillator (NE-1O2

or Pilot B). The three meter source-detector distance allows a one meter

separation for both source and detectors from the wa l l s  of a one meter
diameter pipe ; the 30 cm fluorescer -scinti llato r distance allows adequate

shielding of the photomultip lier tube ; the photomultiplier tube is placed

at ri ght angles to the fluorescer —sc inti llator axis to allow further neutron

and gamnia shielding , as wi l l  be discussed in Sect ion 2 .5 .  The x -ray
transmitting windows on either side of the shock driven pipe are each
assumed to be one inch thick , as w i l l  be discussed in Sect ion 2.4. The
sensit iv i ty of the si l icon SSD is 0.272 cou lombs/jou le of absorbed energy ,
correspon ding to a value of 3.67 ev to create an electron-hole pair in

sil icon. All the above assumed values are typical of a real is t ic  experimental
configurat ion.

With a tungsten anode x-ray source operating at 170 kV , 2 kA

and producing 1.0 MW of x -rays into 4 mm steradians as presented in Figure 2.1 ,
the calculate d s ignal levels w it h no a ttenua ti ng mat erial in the p ipe are
approx imately 10 mA for the unfiltered SSD channe l, 5 m A  for the molybdenum
fluorescer channel and 20 mA for the erbium fluorescer channel . Table 2.1
lists attenuations in those signa l levels for possible shocked materials

over the range of dens i ty expected .
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The unfiltered SSD channel observes an average energy of

about 25 keV , lowe r energies being attenuated b,y the two inches of
b e r y l l i u m  requ i red for  the x-ray windows , hi gher energies not being

absorbed in the silicon detector. The l ower energy tin- filtered molybdenum

channel observes an average energy between 25 and 30 keV. Despite the

fact that the molybdenum channe l res ponse func tio n, as shown in Figure 2.6,

peaks at an energy 5 to 10 keV higher than thdt for the SSD channe l , when
the respective response functions are folded with the tungsten source function

presented In Figure 2.1 , the average energy observed by these channels is

not signif icantly different. Filtering the SSD channe l or removing the
filtering from the mo lybdenum fluorescer channel have im mini ma l effect on
the average energy observed. The erbium fluorescer channel observes an

average energy between 60 to 70 keV , again relatively i ndependent of the

lack or presence of filters. Alternative fluorescers would provide

transmission measurements at average energies about 25 percent greater

than the fluorescer K edge energy , but molybdenum and er bi um ef fective ly
span the range over which such measurements can be made with adequate signal

levels.

Figures 2.7 and 2.8 present x-ray transmission as a function
of a ir and concrete ma terial density In a 1 meter pipe for the molybdenum
and erbium f luorescer channels , respectively. The direct viewing solid
state detec tor generates transmissions similar to those for the molybdenum
channel . The anticipated uncertainty in the determination of lnl for
transmissions greater than 0.8 , as discussed previously , limit the accurate
determination of air densities to those greater than about 5 x 10 ’  g/ cm ’ .
Nonetheless , these two channels would readily be able to distinguish

shocked air from abla ted wall material at the predicted 10 1 to 10~ 9/cm 2

densities as presented in Figure 1.1 .

If a moly bdenum anode flash x-ray system with about 0.5 MW

x—ray output into 4-n sterad ians is used as the x-ray source , unattenuated

signa l levels of approxima tely 15 mA are calculated for the unfiltered SSD

channel , 2 MA for the moly bdenum fluorescer channel , and 6 mA for the erbium
fluorescer channel .
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The unf il terr?d ‘~ I) ch annel now of) ,fo ye’ . an average energ y
of just slightly less than 20 keV , bei rig d omm iirma ted by the i—rays in the
molybdenum K ii nes m t 17. P keV . The ion I ybdenmi ni t 1 uo rt ’sce r hannel ob~erv ’s
an average energy of about ?5 to 30 eV , a S  wi th  t i m ’ tungst en anod~ tube ,
a rid the erb i urn fi uoresc er oI;serve; a sl i q ht 1 y iii qh~ r’ a vera jo energy o I
70 to 80 keV rather than 60 to /0 key. F i q u ~- e 2. h pm ~s e m mts x —r ay
transmi ssion as a function of m mmat ei ’i., 1 •h rm s i  ty in a 1 mne t .er pipe for
the unfiltered SSD c ha one] a rid (1 mol ybd ’ r ’ mimmm a nwf (- sou r’ ( e . he mmmo 1 ybdenuf
anode source all ows one to f i r ~ I (1 respn rm ’.’- t unc I.i o t i s  wh j r h a r m d e t i - r i m m i n’

air densit ies wi th reas onat ) ly acc u r ac y  to as low as ?. ‘- i It )  l (J / cm~
(correspond ing to an 0. 0 tr a rmsmmmi ssio n) , an mimr ’ v ’ o v r ’ m i mo n t . ov e r - I he S x lo-

g/cm lower l imit for the tu nqst .en ar1m )~ e tube .

The unattenuated m m m i i ]  id l i r n ’ re  s i ( j m m d  1 1 ev e ]  s should he
adequate to obtain a dynamic range of abou t two orders of ~i j rm i tude in
the data recording , espec ia l ly  since the 50 to 100 n’ pu lsed ch a re ter
of the f lash x -ray source wou ld a l l ow  1h~ s ig n i l  to be readi ly resolved
from longer time scale component - of IMP rio i .e  (I mmd 1 f t I mae DC o f f se t s
in the recording system.

2.4 Li n e- o t —S i~ ht . Sys te rmm

The mnost serious p ro b lem to he so] ved i n t he  t i  el di rig of
an x—ra y attenuation mmmeasur em nent is the ons t rur  t ion of  i los sySte t mm
that a l lows x-r ays to penetrate the oljw’ w a l l s , mm m oves rad i a l l y  outward
wi th the wa l l s  of the pipe as they ire driven by the interior pressure ,
provides shock iso la tion for t he ç om~r’ .e and dete~ tors for one or two
mil l iseconds , and does not s pa l l  or mm ieclma n i a l l y  f a i l  under peak pressure
loading.
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Bery llium is the optimal material to use for the x-ray
transmi tting windows in the sides of the shocked pipe , since it is the
l owest atomic number element (Z=4) wi th  structura l rigidi ty and strength.

It hence combines the properties of minimum x-ra y attenuation with max ’imumn

structura l strength for any g iven material thickness.

Kawecki Berylco Industries is the major fabricato r of
beryllium with the required structura l qual i t ies.  Their plate grade
beryllium , PR-20 , is made by cross rol l ing beryll ium block produced by
the hot oressing of beryll ium powder. The ult imate tensi le strength of
this ma terial is 60 ,000 psi , the y ield strength (0 .2% offset ) is 45 ,000 cis i,
and the elongation about 3%. These values are typical of the ultima te
mechanical properties of high strength , high purity beryll ium in block ,
plate and extruded form.

Calculat ions have been performed for a h igh  oressure front

movin g parallel to the beryllium surface. Spall of the rear surface is

calculated to occur for pressures in excess of 4 kilobars.

Calculat ions have also been performed on the survivabi l i ty
of a beryl lium plate of thickness t positioned over a long thin slot of
wid th w. A number of separate approximations were made to reduce the
calculation to various textbook cases:

i) Th in plate (w ~~4t ) with simply supported edges;

ii) Th in plate (w �. 4t ) wi th fixed edges;

iii ) A thick inscribed cylinder supported to provide
maximum strength;

iv) A thick superscribed cylinder supported to provide

maximum strength .

These four cases are sketched in Figure 2.10. The thick cylinder configurations

allow one to estima te the fail level for an opt imally supported flat plate by

comparing it to a cylinder with the proper ratio of wal l  thickness to dianieter.
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Figure 2.11 presents the results for these four separa te

cases. Both th i ck cylinder m odels give the sam e results for w/t = 0 or

an infinitely thick plate. Beryllium goes plast ic at a stat ic pressure
greater than 30 kpsi or 2.1 kbars , equal to half i ts ult imate tensi le
strength. For a more rep resentat i ve va lue of w/t = 1 , corresponding to

a one inch thickness of beryll ium over a one inch wide slot , beryllium
fa i ls  at a pressure of about 1.75 kba r. For a value for w/ t  greater than
2, a l l  four  models are i n essen ti al a greemen t , thus confirming the

accuracy of the calculational approximations.

It thus appears that beryllium is unable to withstand static

pressures i n excess of two ki lobars , although under dynamic loading the

fail pressures will undoubtedly be higher. A slot geometry has been

assumed so tha t a linear array of f lash x-ray tubes may all  be pointed at
a sing le detector aperture . The s lot  would be dlined with the axis of the
pipe so that any slight translational motion in the window would not remove
the beryllium from the source—detector los. A one inch bery ll ium thickness
and slot width was assumed for the calculations of Section 2.3, resulting
in the window x-ray transmission as a function of energy presented in

Figure 2.12. A thicker window would result in signal levels of less than

a milliam pere and not enhance significantly the failure strength of the

window assembly . A thinner window would significantly commi promise the

window survivabil i ty for a slot of one inch width as required for mill iampere
signa l levels.

The 2 kbar limit for beryllium fai lure under stat ic loading,
coupled wit h the 4 kba r level for spall , necessitate f ielding the transmission
measurement at relatively low pea k pressures of a few kilobars. Predicted

pea k pressures in this range occur towards the rear of the 3 foot concrete

pipe beyond 80 meters, as shown in Figure 2.13.
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Fig ure 2.14 presen ts the re sul ts o f c a l c u l a ti ons for the
radial outward movement of the three foot dian m eter pi pe wall driven by

the internal pressures . Towa rd s the rear of the p ip e , radial wall velocities

are on the or der of 20 cm/ms , so that significant increases in the attenuation

path length across the pipe occur in the mil l isecond time sca le  of the
measurement . It is necessary for the beryllium wi ndow assemblies to move

outward with the wal l , lest they st ick into the f low , perturb it , and are
either eroded away or physical ly displaced as a resu l t .

Figure 2.15 presents a conceptual design for a window
support system. The beryllium window is supported on a steel plate of
adequate thickness and strength to span a void area of adequa tely large
diameter that material wi l l  not move into the los in the desired measurement
time on the order of a mil l isecond . The veloci :y , V , of a free grout

surface being driven by a shock pressure ci in  thi. qrout. is given bj

= 2tJ
9 

(2.8)

where Ug = 
~~~~~~~ is the material veloci ty in the grout ,

cg is the grout sound speed (0.2 crn/~s)

and p is the grout density (2 g/cm 3)

For a driv ing shock pressure of 5 kbars (5 x iO~ dyncs/cm 2 ) ,

Ug = 12.5 cm/ms

= 25 cm/msg

Hence a 60 cm diameter void area would be required to assure tha t no
shocked grout entered the los in a mi l l isecond. The inner diameter
of the grout is lined with aluminum or steel to prevent spal l .
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It 15 eV iderm t th i  t the ori t r u c t i o n  of a su i tab le  Wi 0(10w

assembly sys tern i c the most ser I oti s prol) hem yet t o be resolved in the

des i gri of an x — ra v a f t  ~‘rim , i t I (in measurement to  do to r:mm inc shocked ma t i  r i a I

dens i t ies  in t i e  Ii l ohi r regiiiu~. The s imple ca l c u la t ions a l ready
j t r  f o r w ,~~t ii~ -~ er ai~a h , i  

~ 
( j ) l ’,t~ r v d t 1 V t ~ ~,i l t d  c a t i r i ;  w i r idu w Id I lu re  aliuve

t few ki l oba r s . The radial motion of t.he window is probably a more

serious problem and immure sophist ic ated c a l i u l i t i o r m s  would have to be
done to design a window and support msse immb ly which would move outwa rd
wi th the pipe w a l l .  Ca lcu la t ions would have tc ,  tie pe rtor imm ed wi th ? -D
hydrodynanmic codes to val idate a proposed de ign ir m d to in dicat e ncr essary

modifications. In addit ion , a high Px j ) i ( m . Iv (  t m ’ t i r m q  proqrami m shoAl d be

undertaken to proof test the window i sc m tmhl y prior to fina l mmi p l i i t ion
in the field.

2.5 Racks round Cdlcu ld tions

Calculat ions have been performed to a ssure that the neutro m
and gamma induced ha kground levels are safely less than the predicted

milliampere signa l levels in ~m typical fielded configuration. The pr ompt

gamma background from mi the device occurs at zero time , whereds the x-ray

attenuation signals are not recorded until two or three milliseconds later.

Thus the i nitial p rompt gamma pulse can only perturb the attenuation
m easure m ent if it genera tes a signal level which satura tes the detector or

record i ng system so that either has not adequately recovered by signal time

a few milliseconds later.

Calcula tions of the Hybla Gold radiation environments have

been performed by SAl under DNA Contra t OO 1-77-C-02 0 1 and were used in
calculating the induced background levels.
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The 1 a t i t i m im e background will re ‘u 1 t from the r - t m m a 11 zed
neutrons and qanina s genera ted front therma l neutron capture . I~or t~mes
q re t ter tha 0 a m m m i i i  i i--c cmii , these back round level s are ca I cii 1 a t e d  to

t ie lown ‘m mci re ban f o’ t v  orders of m ii i J ci i tude front the prom imp t ijdrn mml a Jo ~e

~ h~- r ;  i ~~~~~~ 1 d mmc t. he a ; I go if i c - t n t  l)robl em.

The iea fr gami~mma dose in the center of the th ree foot p1 p’
P0 ~ P f i r  , roimm t he p i pt mmiou Ut was I: . al cu 1 a ted to he 3. x 10’ rods! S

I t t  • I~ I T  - I 5t~ ‘ a t  i~~’ j U t , 10 ’ second. ftc the rmmm a l m ptur ’ e lose at t imes

• •- ~ ‘ i i  a mi l l  i , i .orI I c i ,  c a l c u l i  ted to be less t h l f l  1 (i ’ rad / .
T p~~~ . 

‘ H t i ’  in itci e 1 ’  d f i j m i (  tion of di st , i mii i I ruimi t he  pipe wa l l  is
s i lfal i i  j c i t  , ? a ’ i r m i down abou t. an order of m mm a q ni tude a t the via l I it  ~- l f
down it 1 • i  .t I cii r- orders of imm ag n i tud” t hree fee t f r-omit the wa 1 1 at the
poc it ion cit t.he ~~~~~ detectors , and dow rm at least  f I ye orde r-s of muagn i t m ide

four feet f rommm the wall at , toe pus I ti on of t h e  - c i rmt 1 1 1 1  to r—photomm i u 1 t i i i l ie  r
(j ( ’t ,p( to rs .

The resu 1 tiny prompt i lamnia h i c kg round s i g n s  1 induced in

a 300 tm thick SSD three feet back from the pipe w a l l  i ihout 50 etA/cm ’

of detector area . Two inches of lead surround ing such a detector reduces
this background level about two orders of mnag nitud e to about a rni l l i d m l i p r ’ s s ,

comparable wi th the predicted x —ray s igna l leve ls .  The la t e  t ime back j i - u’m nd

w i l l  be down three or four orders of magnitude trom m i th is  leve l and hence

wi l l  be ins ign i f icant .

Garn rmm as can a lso  scat ter  to the iletei’: t r mrs  from mater ia l in
the collima ted los through the pipe . Assum i ng a f i ve  inch diameter viewed

a rea at three feet from the detector and a peak gaimnim a dose it the pipe w a l l

an order of magnitude down from the va lue in the middle of the pipe , a

si gnal level of about 50 mA/cm~ is agdin obta i ned for a SSD , comparable

to the above unshi elded valu e fromn prompt qanumia s diffusing out front the wall.
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Similar calculation s can be done for a sc int i l la to r-
photomultiplier detector. A typica l p last ic  sc int il  lator as NE-102
coupled to a 10” ga in photomnultiplier with a sensi tivity of 60 A,’lm

has a combined sensi t iv i ty  of about 100 coulomb/joule (absorbed in
sc in t i l la tor ) .  For a 2 inch diameter PM tube and a lead or tin loaded
plast ic  sc in t i l la to r , the background s igna l fromn tiromp t gam imm as present

four feet out fromn the pipe w a l l  is a bout 3 x l0 i A . About 8 inches of

lead are required to provide at least f ive orders of magnitude attenuation
so that PM tube outputs are kept safely below an r mflpere . The background

levels at shock arriva l time would then he safely less tha n 0.1 etA

relative to a nomina l 10 mA signal level .  h ig her  current ievels would
perturb the dynode voltages in the PM tube divider strin g so that output

linearity at later time s would tie affected .

The background signal from prompt (Jamnmrm s scatterin g into

the fluo resce r los a nd then scatter ing frommm the fluoresc er to the
scinti llator i’ about 11) mA.

Accord i ng to the above calcul ations the background level s

at shock arrival time should be at least two orders of magnitude less than

the predicted signa l levels. The prompt ganina background in the PM tube

might be as large as a few tens of mi ll iam np ere s hut, the duration of thi s

signa l is sufficient ly short that the volta ges in a properly designed

divider string will not he significantl y perturbed.
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3. HYBLA GOLD EXP E R I MENTA l  PROGRAM

3. 1 Ex~erime n~~l Coot i~ iy-~_tJon

In order to veri fy the f e a - i b i  1 ity at arm x-r ay att em im i a ion

measurement froimi the stand po i of of de tei t o r  ha kgr ou m rm d I eVe ls sn (1 d lii I i ii l fl I

survivability , a minimiia l ef for t  was fielded in coui ,ju rm t iurm with the SLA

‘ rho flow ” experiment posi t ioned on the three foot , c or m~ rete pipe ~ nm(’ters
from the zero roo rm m w a i l .  A s i l i con sol id state detector c i - - fielded ileu t

three feet from mi the pipe cihi ervi nq the p ipe wal l  t.hrnimqh a f i ve  inch

diameter col l imated los. A scint i  1 la to r— P M tube wa~ f i e lded abo u t loin

feet from the pipe wall , observin g arm 0.2 q/cmn ” f l u ci c o r e r  nine inche s

away that was placed in the five inch diamm iete r cull im m ma t.ed los to flu ’ m ii i ) ’
wall. Approxima tely two inches of lead surrounded th e ~‘

, ‘D , at least eig ht .
inches of lead was between the photom ul t ip l ie r  tub e and t,he pipe w a l l .

experimental layout is shown in [ iqure l .1.

The ourpose of th is  e f f o r t  was t o verity th e background

levels calculated in Section 2.5 and to ascertain if the detectors and

cabl ing would survive a rm mi l l i ’ e i .ond or two through qro umi I hiim k. si nc e

soun d and shock speed in tuft ’ and grout at a few ki lo bars is a few m e t i rs
per m i l l i s econ d , it was necess a ry for the detectors and a i b l a ’ s  to s u r v i v e

the initial grou nd hoc k driven rad ia l ly  outward fro i mm the Pi !ue by the air
shock moving through it if the detect ion sy .t e nm w e r e  to s i l rv  ive for the or me

or two mill iseconds requi red to deter immin” the shocked f low condi t ions in

the pipe.

No x-ray source was fielded; x-ray transmitting windows

were not placed in the pipe w a l l~ no los protect ion s yst em mt was f i e lded to
keep open the x-ray path to the detectors; and rio s n i ’c it l  ef fort  wa’~ taken

to shock mount the detectors other than to surround the PM tube with a
quarter inch of styrofoam. Adequate gamma shielding was placed around the
detectors , wh ich were otherwis e conf igur ed a ’ . th ey would he in an actual
measurement.
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Figure 3 . 1 .  Experimental confi guration for Hy b l a Gol d feasi b i l i t y
channels.
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The sol id  s t a te  detector was u~i Orte i , fuj L i l l y  depleted

surface barrier deter lair 300 rn thick and ‘3 c mii ’ in a rea (Mo~ c’I 18—01 8— 30 0— ~O0~
)

mounted in a trans imu ission mount and b ia ed 200 V positive . ‘T he s c j ’ t ,i l l , ut o r
was a two inch diameter by one inch thick p ie ce of Ne 102. The pho to-
multiplier tube was an Amnperex XP2 008 w i th  lI, inch d iam e ter and 60 A / h i

sens i t iv i ty  (10
(1 g u n ) at  its  t lelded voltage of 1.5 kV.

The PM tube voltage d iv id e r  str ing was designed to provide
response linearity to 200 mA with a 2.5 ‘is pulse rise time and S ns durat ion ,

su i table for record i nq the prod i c ted few ml 1 1 i aimi p ere Si ~ ‘ lr 1 1 eve 1 s ii 1 1 ) 1

duration. Cipa c I tarices across the last d’/uuu )d s stages and a one nil 11 j i m m i e  I ’

string cur rent were chosen so that  the predicted signa l and backoround le v e ls

would not produce greater than a one perc ent change in the vl ynode ‘-id td l ie ,

as required to maintain stable gain to w i th in  a percent ,.

3.2 Record in~~~~st erm

Three chan nels were f ie lded : o ne  ob se rv im ic  uj up ~S D output

one observing the ohotomu ltip hier cutout , and orme art instr umumented cable i.e

the “ rho f low ” box with an open terminat ion. The high vo l t age  (-1.5kv)

cable to the PM tube shorted out soon af ter  button up. As a result , ihe

PM signal was not indicat ive of the 1e~ckgro ’lod observed by a hi gh gain
detector but only of cable and detector - survivability.

The recording sy s t em m u wa s- ~~ to reco rd on a i ogle ,sc i 1 loss op

successively displaced multiple sweeps of 0.5 ps dur ati on initiated every

0.5 ms , as would be requ i red to record the output . of succe s - ivel y triggered
flash x—ray machines gener atirm g pulses of 0.1 s duration. A 30 ns pulse

was periodically sent down the cabie just prior to each recording interva l.

The reflection of this pulse f rom t he e f f ec t i v e l y  open termi nation at the

detector was recorded . The s hape and p o la r i t y  of the i ’ef le i :t ed pulse w.i s
indicative of the state of the cable and detector . s t  t h i -  I i rne the test  pu lse

arrive d , since a shorting of the cable or detector would invert the reflected

signa l.
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A second osci l loscope recorded a 10 u s  time window from
-2 to +8 ps about zero time in order to observe the prompt gamma and

high energy neutron induced background signals.

High pass fi lters to block signal components be low about
1 MHz were installed at the recording trai ler to t u min in mize any baseline
offset caused by anomalous cable charging on th e mm m i l l i secon d t ime scale .

Since the si gnals  to be observe d were of l e s s  tha n 0 .1  pS dura t ion , the
recording system was designed to discriminate against longer time scale
back g roun d effec ts resul tin g ei ther  from ne ut ron s or an omalous  ca b l e
charging effects.

The recording systenm was equalized to 20 MHz , corres pon d in g
to a 20 ns risetime . The HP 180 recording oscilloscopes operating at 1 ps/

division were only m arginally capable of recording such a rapid signa l

r i setime , comparable with the risetime of the predicted prompt gamm a

oulse of about 100 ns duration.

The detector s i gnals  were rou ted a pp rox ima tel y 300 feet
to a signa l conditioning alcove through RG-22B/U twi naxial cable. The

detectors were connected between one of the center conductors and the

cable shield. The second center conductor was left floating in close

proximity to the detector. The two RG-22B/U center conductors were

connected through DC isolating capacitors to a halun transformer with

a grounded centertap, which served to reject common etude noise coupled

to the center conductors with respect to the shield. The single-ended

output of the balun converted the 92 ohm RG-22B/IJ signal impedance to

the 50 ohm impedance of the 5000 foot long RG -33 1 cable which
carr ied the signa l from the alcove to the recording trailer on the mesa.
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3. 3 Pesul t,s

The Sti) channe l (j bse rve’ i a background s ign i  1 a 4. o r c Y I p t ,

gamma arr ival  time of 1.? mA ru magn i tud’ a n d  100 os dura t i s r i .

gamm ea background was predicted to be about I mA f r ow tHy ga imuu r ma 1 i ’ - 1-e

ca lciil ated to ex i s t  three feet front tb’ pipO w~i 11 , about 100 mA fro~i
g i m u a r r i a s  scat tered by the pipr w i l l  in the ‘jete~~t~~r 1 iro- —~ 1 — s i g h t .  T he

ta i l  ore to observe the 100 ‘ r f \ c a t t e r e d  ‘J aruiu i la s ‘ pa i l  is i r r ,’L hl y
i ndi r,at j ye of shadowing of the p ipe  wa E l  lu y forwa rd s e c . i  Sri r j l  p ipe

A sec and weh 1 de~ I ned La I, k g ro un d S1 gna 1 Ci,~J i r i i , Pr mt of t mm ! ,

mml a ’j ni tude and 200 ns duration occurr ed 1 .4 ps a f t e r  pa’ -~~‘ , t  gamma t mci .

Predicted background leve ls  at this t i me wore art order of ‘~~‘j~~i t r ide down

from the pronupt gamma pea k and ro rres poe ’ Ied to 14 MeV r i o t  run arriv a l

time . g0 oteasurable tackijround was o b a  —ie d beyond 2 os .  The magni t ide

of this second component . i r~ one / ui mined Lot P u t  i i  r(J(± . 5 ( 1 1 .1 ’  5 0 U)(l ‘ J rsri iL ’I s’~
the later time sign al recordi ng.

The unu l t i p l y swept osc i  1 lssc op records rily,~ r vr’ f no Jdcko r co r i l

ef fects on the mi l l isecond ti ma - sc a le .  The ref le cted test , ou lse was
nomina l through 3.5 mis but was ind icat ive of a shorted de te cto r or d et u- ‘ ‘ a ’

jump er cable Sri the 4 mil l  i sec ond ‘ weep. The dete r t or and c ; ibl  I ng were

thus ver i f ied to hive remained intact f o r  at least  3 .5  mims , al lowin g a bou t ,
a one mni i l l isecond reco rding wir udow after air shock a r r i v a l ~F s e r v e d  by

separate SLA instrumentation in the rho flow box to have occurred at 2.75 II ,

essentially as predicted . The pea k pressure in the eipe w as observed by
S 1 to be about 1.3 kba r at 84.5 meters , about half as great as on-r-dicted.

Th~ PM background channel observ ed u S  mnea ,urable background

and there was no perturbation of the reflected test pulse over the 5 m s

record ing period for the nm ult ip ly swept o ;c i l l o s cope  record .

From the standpoint of ba’ kqround and detec tor surv ivab i l i ty ,
the m inima l effort fielded on Hybl a Gold ha~ confirmm m ed the feasibility of

an x—ray attenuation measurement of material density in s pipe carry ing a

few kiloba r air shock.
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4. CONCLUSIONS

An x-ray attenuation measurement has been conceptually

designed to determine the time-depe ndent density and composition of

ma terial in a shock driven pipe at pressure s in excess of a k i lo bar .

Field -emission type x-ray generators ar e requ i r e d to
produce adequate signal levels. These x-ray sources would be pulsed

sequentially at intervals of a few tenths of a m i l l i secon d to obta in
a ser ies of sna pshots of the shocke d flow . The pulsed (100 ns duration)

cha racter of the x -ray source would result in s ignals tha t could be
readi ly observed in the presence of detector dark currents , gamma and

neu tron induced backgrounds , lon g time scale components of EMP noise

and late time vo ltage offsets in the recording systeimu .

The detection system is composed of both silicon solid

state detectors directly viewing the source and adequatel y shielde d

scint illator -photo multiplier detectors observing x-ray irradiated

fluorescers. The direct viewing solid state detectors observe an

avera ge energy of 25 keV wi th a tungsten anode source , just under 20

keV with a moly bdenum ano de sourc e, l ower energies being attenuated by

the roughly two inches of beryllium required for x-ray transmitting

windows on either side of the pipe , higher energies not being absorbed

in the relat ively thin si l icon detectors. The f luorescer/ scint i l lator-
photomu ltiphier detection technique observes energies as low as 25 keV

wi th a moly bdenum fluorescer , as h igh as 70 keV with an erbium fluorescer ,

there not being suff ic ient source output to generate signif icantly
higher ene rgy response . Signa l levels of a few mill iamperes are achievable
with either detection technique in a realistic experimental configuration.

The energy response of two or three such detector channels is capable of
distinguis hing air from ablated pipe wall material at densities of from
1O~~ to 10 ’ g/ cm ’t in one and three foot diameter pipes with typical

accuracies of at least 20 percent.
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Ganmma a rid neutron induced bac k grounds have !uee n ca lc u lat ed
to produce mana geable promp t backgrou nd lev els onupa rahle w~th predicted

signal levels in ad e ’ u i mu te ly sh ie lded detect o rs , neg l i g ib le  bac kqrui i r ud
levels at shock urn val tiu s’ mmm i 11 i 5e onu d~ later.

The most se ri ous  )r pbi~~,ii s t i  I Lu he ~o i v e i j  ~~, the i , ii S t  4 00

of a los protection system e which moves r a dially outwa rd w ith the walls of

the shock driven p i pe , provides shock i ‘o lat io ni  for the our ’ce and detectors

for a few mill I seco nds and dot ’ , not. i rI s - a i l ij cc s ign i f i can t  / —r ay atten ua t iI iq

material into the los A t ’ ’ n i t a t i ve  d P’ i i n  for this s -~sf eu h is  been

formulated , but ca lcu l i ti OmI t 1 yen f i i i  t ion and high a ’ x ’ a  losi ~ e test i r i uj

would he required to va l idate  the ‘.inucep t min or to fina l s pn l i (d t io fl ifl

the f ie ld .  Ca lcu la t ions  mm iade to determ ine the surviv ability uif be ryl l i ’ .u ”
x—ray windows for both s t a t i c  loading arid spa l l  infer i aj l uj r e  at pressure
l evels  in excess of a few k i loba rs , thus necessi ta t ing the nu lace mm ient of

the x-ray attenuation experiment at the rear of the shock dr i ven pipes .

A minima l experimental  e f for t  was f ie lded on H,ybla Gold

to ver i f y background level ua lc u l a t i o n s  and to asc e r- t d i n  if the detector s

and c lose—in recording system would surv ive the mi l l i second or two required
to determine the shocked f low condit ions in the pipe . Gai mmr ma and neutron
induced backgrounds were obse rved to he of mana gea ble leve l  and were

consistent wi th calculat ion.  There was no trace of toy ano nalo ’ is signal
perturbation of mi l l iamoere magnitude at sh ock a r r i v a l  t ime . The detector
surv i vability experiment indicated a shorting of the s o l i d  s t a t e  detec tor
or its jumper cab le three feet from the pipe wal l  aho u~ -i millisecond

after peak shock ar r iva l .  An instru immented photomut t i p l i u ’ r ’ tube positioned
four feet from the pipe wal l  gave no indicat io n of de t ec tor  fa i l u r e  through
two or three mil l iseconds after shock ar r iva l .
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