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ABSTRACT

TITAN has successfully developed an Inductive Adder for use with a
Hewlett-Packard Model 43734A Marx pulser. The unit provides an 800 kV
peak output pulse to a modified HP 5081-9551 1 MV x-ray tube. The tube
fits into the adder unit, and can thus be remotely operated. It
delivers a peak on-axis dose of 35 mR at a one meter distance.
Supporting radiography analyses, a description of the inductive adder

approach and construction, and detailed test data are presented.

o -



II
ITI

v

VI
VII
VITI

IX

TABLE OF CONTENTS

Page
LIST OF FIGURES........... e e e e e e e e e e e e e et e iii
TN T ROD U C T ION . & it ittt ittt et e et o e soneaenoeenesennsennnoenenenens 1
IDEALIZED RADIOGRAPHY ANALY SIS . . i it ittt ines tinnraennsennennna. 2
PHYSICS OF BREMSSTRAHLUNG RADIOGRAPHY . .....t it tmneeronnnnen.n S
RADIQOGRAPHIC PULSER PARAMETER CONSIDERATIONS.........c ... 12
INDUCTIVE ADDER APPROACH. . & ottt ittt ittt e eon et te e aeneenneenn 13
ADDER CONSTRUCTION. . ... .ot vvrevnnenn. e et e e et et 19
ADDER CPERATION WITH THE HP43734A PULSER. ..t ittt it st e 24
X-RADIOGRAPHY EXPERIMENTS USING STATIONARY TARGETS........... 33
UMM A R Y L it ittt tts ottt s et ss et atete ettt e e e 43
REFERENCES . . i it ittt s it ietsennenannnns e e et et e e 44

ii



LIST OF FIGURES

Eigure Page
1. Idealized radiograph schematic................. e e 3
2. The collisional and radiational energy losses of

€leCtronS 1IN LrOM. . ittt ittt ittt et e et e s 6
3. An example collimation of the photon beam for

radiographic applications........c.oiviiinnennn. e e et e 8
4. Photon cross sections in iron........... e e e .9
S. Standard dual remote tube head radiography

Lo oT o B o Mo £ b3 - B o 1 <3 o RO 1g
6. Desired inductive adder radiography configuration............... 15
7. Schematic operation of an 1induction acceleration

L= R e T o 17
8. Schematic diagram of the Inductive Adder.............cciiuvueo... 18
9. Layout drawing of the Inductive Adder............. ... 20

10. Picture of the Inductive Adder...... ...ttt iinennnnnennnnennn 21

11. Picture of Adder with the x-ray tube removed.................... 22

12. Picture of induction core assembly and core reset

oo T 23

13. RESEL ClLCULE it ittt it ittt et it e ettt eenncannesseesneonennns 25

14. Equivalent circuit of the Inductive Adder..............ccccvn... 26

15. Dependance of load voltage on load impedance.................... 27

16. Current through the Inductive Adder. The maximum

current in the first peak is 3.5 kA the time scale is

50 ns per division. (Standard HP 1 MV, 6 kA x-ray

Lo 7 28
17. Characteristic waveform of the x~ray pulse..........c..vcvinnn. 28
18. Load impedance of the standard 1 MV x-ray tube as a

function of Marx charge voltage.........uiii it iiiiinnrenneennnn. 29
19. Adder output voltage for the standard 1 MV x-ray tube

as a function of Marx charge voltage..... i e e 30
20. X-ray dose at one meter vs Marx charge voltage

(standard 1 MV tube) . ... ittt i ettt ii it 30

iii

W



LIST OF FIGURES (Continued)

Eim

21.

22.

23.

24,

25.

26.

27.

28.

29.

30.

31.

Current through the Inductive Adder. The maximum
current in the first peak is 2.7” kA. (Modified high

impedance HP x-ray tube.) .. .. ittt inin e nenennnnn.

Load impedance of the modified high impedance 1 MV

tube as a function of Marx charge voltage..................

Adder output voltage for the modified high impedance 1

MV tube as a function of Marx charge voltage...............

Variation of x-ray dose at 50 cm from the tube as a
function of steel penetration thickness for several

Marx charge voltages. ... ... . ittt i ieiann.,

Configuration of radiography tesStsS.....ve it innnn..,

Radiography for shot #3. @™o image intensifier screen.

No steel attenuation (35 KV) it ittt ittt e et eeeeen.

Radiograph for shot #4. NDT-2 intensifier screen. No

steel attenuation (35 KV) ittt ittt ittt et i et et e

Radiograph for shot #6. NDT-2 intensifier screen.

0.5 inches of steel attenuation (35 KV) .o i ...

Radiograph for shot #26. QUANTA intensifier screen.

1.0 inches of steel attenuation (35 kV) ..t vnenennn...

Radiograph for shot #33. QUANTA intensifier screen.

1.5 inches of steel attenuation (35 KV) .. it iemnnnen...

Radiograph for shot #34. CQUANTA intensifier screen.

1.75 inches of steel attenuation (35 kV) ...t iiinemeuennn.

iv

Rage

..... 34

..... 35

..... 37

..... 33

..... 39



mi

I. INTRODUCTION

A detailed understanding of the key physics issues involved in
many complex hydrodynamic processes often necessitates the use of flash
x-radiography. In this technique energetic photons generated by
electron bremsstrahlung are used to take short-duration x-ray
"snapshots" at particular times during the hydrodynamic event. The time
duration of the x-ray pulse is thus chosen to be short in comparison
with the characteristic motion time of the event; exposure times of a
few tens of nanoseconds are typical. 1In addition, it is often necessary
to view the phenomena of interest through thick absorbing materials.
Finally, many events of interest are very violent, necessitating
additional shields and substantial standoff distances for both the x-ray
source and the recording medium (usually an x-ray film cassette). As a
result, relatively high voltages (typically several hundred kilovolts)

are required to produce useful x-ray intensities.

The current state-of-the-art in flash radiography 1is exemplified
by the Model 43700 Flash X-Ray Systems manufactured by Hewlett-Packard
(HP). HP advertises a choice of 150 kv, 300 kv, 450 kv, 1 MV, and 2.3
MV x-ray pulse generators for providing single, sub-microsecond
exposures, from single or wmulciple-channel (x-ray sources)
configurations, using single or dual x-ray tube heads. They advertise

more than 1600 channels in use by over 200 facilities worldwide.

As an example, consider the Model 43734A, which provides a single
25 ns pulse of 450 kV x-rays. This device uses a Marx generator to
supply a nominal 6 kA current pulse to a field emission x-ray tube. The
nominal x-ray dose at one meter from the tube is 20 mR. It can be
operated with the x-ray tube in the pulser, or in a remote tube head, or
with two tubes in two remote heads (3 kA to each head). 1In the latter

configuration, both tubes are fired simultaneously by the same pulser.

The remote tube head feature means that the x-ray tube itself can
be placed near the event, while the Marx pulser can be placed behind

protective shielding. 1In this case the high voltage pulse is delivered



to the tube head wvia a high voltage cable. Unfortunately, this
attractive feature is not available for the higher voltage pulsers (such

as the 1 MV HP 43710A) because of cable breakdown difficulties.

For a particular hydrodynamic problem of interest to Los Alamos
National Laboratory it was desired to produce high energy x-rays (2 800
kV), but to do so using a remote tube head. TITAN's solution for this
problem was the development of an inductive adder. Specifically, an HP
Model 43734A pulser was operated in a dual remote tube head
configuration. However, both high voltage output cables were inserted
into an inductive isolator device which allowed the sum of the two
voltage pulses to be delivered to the nominal 1 MV x-ray tube used in
the HP 43710A pulser. This final report summarizes the physics of
bremsstrahlung radiography, operation of the inductive adder, and the
results of x-radiography experiments using stationary targets performed

prior to the installation of the device at Los Alamos.
II. IDEALIZED RADIOGRAPHY ANALYSIS!

Consider the schematic geometry of Figure 1. A uniform pulse of

moncenergetic photons of intensity I, is normally incident on a

homogeneous slab of total thickness L which has an internal cubical void

of thickness AL. It is assumed that the photons undergo only absorption

events in the material. If the atomic density in the slab is n, and the

photon absorption cross section per atom is O, then the change in the

photon flux in the infinitesimal thickness dx at depth x is given by dI

= -0 n I dx. The depth-dependent photon flux can be obtained by

integration, and is simply

I(x) = I, e™OnX (1)

From Eq. (1), the average photon flux which reaches the detector plane

after having passed through the total slab thickness L is just

= -onL
Ia—Ioe r

38}



while the photon flux reaching the detector plane after having passed

through the region of the wvoid is

I, = I, e-O'n(L—AL)
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DETECTION
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Figure 1. Idealized radiograph schematic.

Assuming the detector records all photons reaching it, the presence of

the void is indicated by the contrast in the photon flux, or

C = (Iy - I5)/I,

eon AL _ 1

= on AL (2)

for small voids.
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Eg. (2) suggests that the contrast can be improved by choosing a
photon energy for which the absorption cross section is large; however,
if the attenuation is too large, the statistical variation in the

average transmitted flux will cause a loss of contrast.
The effective signal-to-noise ratio is defined by
S/N = (I, - I,)/81I,

where 8I, = (I,)!/2 is the standard deviation of the average unscattered

photon flux. For this problem we have

S/N = on AL (I e~Onl)1/2 (3)

The maximum value attained by Eg. (3) is

(S/N)pax = (2/e) (AL/L) 1,1/2 (4)
which occurs when on = 2/L, i.e., when the thickness of the object is
equal to two mean free paths. Under this condition the contrast is

given by C = 2 AL/L.

Of course; this description is far too simplistic. In practice
there are several factors which can considerably complicate this

picture:

(1) If the photons are generated by electron bremsstrahlung,
then the spectrum is far from monoenergetic.

(2) The normally-incident, parallel photon beam is generally
approximated by a point source with a large converter-object
distance.

(3) The removal of primary photons is generally not absolute:
scattering processes and secondary radiation generation can
increase the noise level at the detection plane.

(4) The detection and recording of the transmitted photon flux

can be inefficient.

e " i n it n



(S) For fast hydrodynamic events, short photon pulses are

necessary to prevent motion blur.

In order to decrease the negative influence of several of these factors
it is necessary to have a good understanding of the several physical
processes involved in the generation, transmission, and detection of
bremsstrahlung x-rays. We briefly review these processes in the next

sectiorn.
III. PHYSICS OF BREMSSTRAHLUNG RADIOGRAPHY
A, Bremsstrahlung Generation

The important energy loss mechanisms for energetic electrons are
collisional excitation and ionization processes, and radiative
interactions (bremsstrahlung). The ionization energy loss per unit
length scales linearly with the atomic density and atomic number of the
target atoms, and weakly (logarithmically) with the beam kinetic energy.

A useful approximate (empirical) expression is

PTl(AE/dX) 4o, = 1.5 MeV cm?/g (5)

where p is the density of the target material. 1In contrast, the energy
loss due to bremsstrahlung is proportional to the square of the atomic
number and increases nearly linearly with the kinetic energy of the
incident electron. The ratio of the radiative loss to the ionization

loss is given approximately by?

(dE/dx) rad _EMev) 2z
(dE/dx) ion 800

(6)

Hence, the range of a 20 MeV electron in aluminum is about 4 cm, while
in tungsten the range is about 0.5 cm. In the first case almost all the
energy is deposited locally (only ionization), while in the latter case

there are significant radiation losses. The energy dependence of these

" AL ' - it



processes is emphasized in Figure 2 which exhibits the collisional and

radiative stopping powers in iron as a function of energy.

The bremsstrahlung angular distribution and yield for thick
targets depend not only on the initial beam description at the target
but also on the further transport of the beam into the target. Because
the ratio of e/m is so high for electrons the ionization and radiative
collisions cause significant deflections of the incident beam. The
energy of the emitted photon can vary from zero up to the kinetic energy
of the incident electron, while the angular distribution of the
radiation becomes narrower with increasing energy. For relativistic

electrons the average angle between the direction of the incident
electron and the emergent photon can be approximated by 0 = mocz/E.
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Figure 2. The collisional and radiational energy losses of electrons
in iron,
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An approximate analytical expression which describes the
differential photon flux density is3

dy/dEp = gp(E) K e%EP

where E and E, are the energies of the incident electron and emerging

photon, the exponent 0Ep has an average value of (—3.75Ep/E), and K is a

numerical constant. The differential intensity is then given by

dI/dE = gp(E) K Ep e®FP (7

Over the energy interval 2-20 MeV,

a good assumption is that the
efficiency €, (E) of bremsstrahlung production varies as EC-8,

Inserting
the numerical value for the constant K and integrating over all photon

energies then gives the total intensity at one meter from the source as?

Iy = 2.3 x 102 g2:8 (Mev/cm? - C)

(8)

The dose rate for photons of a few MeV is approximately given by

D =5.2 x 10710 1. (Roentgens/sec)

Substituting for Iy then gives the dose per coulomb at one meter from
the converter as

D/Q = 1.2 x 103 £2:8 (Roentgens/Coulomb) (9)
As a comparison, Martin has proposed an empirical relation of
D/Q = 1.1 x 103 E2:8 (R/C) (10)
“

W

r
based on an analysis of PHERMEX data.‘ The agreement is excellent

considering the numerous approximations and assumptions involved.

There are several important practical radiographic considerations,

in addition to the generation of the largest quantity of useful photons.
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For example, photons emitted from the x-ray tube at large angles with
respect to the target direction are not useful for image formation, and
can contribute tc a loss of contrast as the result of scatter from
floors and walls. This undesirable effect can be reduced by inserting
high-Z collimation between the bremsstrahlung craverter and the object

to be radicgraphed, as shown schematically in Figure 3.3

0 180 300 360 CM
- '! 1
QO CM Pb FRONT 2.5 CM
COLLIMATOR MOCK H.E. J /_ AL
\ METAL
o o
' |
|
S0 Mev L
— — r
L |
|
t !
— L
2.5CM AL 5CM Pb BACK_/
IS Ci Be COLLIMATOR
7.5 CM AL
SPACE FOR 1.2 T
Pb FILTER
1.2 MM Pb AA FILM
0.25 MM Pb
Figure 3. An example collimation of the photon beam for radiographic
applications.

Also, the converter-target distance l., for a given resolution
requirement (we assume 0.4 AL) is essentially determined by the Ekeam
spot size d at the converter and the distance from the target to the x-
ray detection plane. From simple geometrical considerations

d

lee = lpg E—:ZZ (11



Hence, l.; = 112 cm is required to resolve 1 mm features with a 15

cm target-detection plane distance and a beam spot size diameter of 3

mm.

B. Passage of Energetic Photcns Through Matter

The important mechanisms by which energetic photons interact with
matter include (1) the photoelectric effect, (2) Compton scattering, and
(3) pair production.? Each of these processes is fairly comple:, and is
accompanied by secondary effects such as fluorescence radiation in (1),
the emission of recoil electrons in (2) and the subsequent annihilation
of positrons in (3). The three processes have different relative
importance in different spectral regions, depending on the atomic number
of the absorber, as emphasized by the photon cross section data for ixon
presented in Figure 4.6
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Figure 4. Photon cross sections in iron.
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In photoelectric absorption the enerqgy of a photon is absorbed by
an inner atomic shell electron, which is emitted with a resultant energy
of E = hv - En, where Ey is the binding energy. Filling the vacancy
left by the ejected electron can then produce fluorescent radiation as
well as additional Auger electrons, The photoelectic process is

dominant at low photon energies.

The scattering of low energy photons is adequately de cribed by
Thomson's classical theory. However, for photon energies comparable
with the rest mass energy of an electron (0.511 Mev), conservation of
€nergy and momentum require the eénergy of the scattered photon to be
less than that of the incident photon, with the resultant kinetic energy
difference being taken up by the recoil electron. Compton Scattering is

usually the dominant process for intermediate photon energies.

Finally, in pair production an energetic photon can be transformed
into an electron-positron Pair. The threshold energy in the center-of-
mass system for this materialization process to occur is simply twice
the rest mass energy of an electron. Annihilation of the peositron
subsequently results in the creation of two photons of 0.511 MeV each.

Pair production is usually dominant at high photon energies.

Having reviewed the important photon interaction mechanisms, we
now describe the transport of the bremsstrahlung through the

radiographed object. From the simple example of Figure 1, it is

the radiographed object is carried by the unscattered, unabsorbed photon
flux reaching the detector plane. Because of the energy dependence of
the bremsstrahlung, the equivalent expression for those unscattered
photons which do not pPass through the void region is an integral over
the bremsstrahlung spectrum S(Ep), using the energy dependent photon

Cross section.

= -n ¢ (Ep)L
Ia fsnzp) e P)L aE

—
[
[\9]
~
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while the equivalent expression for the photons passing through the void

is
1, = I S(Eg) e™m O (EP) (L-AL) g, (13)

Because of the secondary processes described above, the
interaction of the primary bremsstrahlung photons will result in a
photon-electron cascade. This process, which is usually modeled through
use of a build-up factor, can be quite important because some of the
resulting photons will reach the detection plane without adding to the
information content of the image. The build-up factor is usually
defined as the ratio of the sum of the scattered and unscattered photons

to tiae number of unscattered photons, i.e.,

B(Ep,L) = (Ng(Ep,L) + Ny(Ep,L))/Ny(Ep,L) (14)

It is usually necessary to use a Monte Carlo transport code, such as the
ITS series’ developed by Halblieb or LANL's MCNPE, to estimate the

build-up factors for each geometry of interest.

If the volume of the void is small compared to the total volume of
the object, then most of the scattered photons arriving at the detection
plane in the region of the void image will have been generated in the
ambient material. With this assumption, and our previous definition,

the contrast in the presence of build-up is approximately given by

The decrease in contrast for large build-up factors, which would be
expected for penetration through thick objects, is apparent. In
addition, it is easy to show that the signal-to-noise ratio is also

decreased by the square root of the build-up factor.

11



Iv. RADIOGRAPHIC PULSER PARAMETER CONSIDERATIONS

In the design of a high voltage source for a radicgraphic system,
two of the most important factors are the choice of electron energy and
the total charge that must be delivered. Guided by the results of the
preceding sections, we have developed an approximate analysis for

estimating the required pulser voltage and current.

Taking into account the photon deep-penetration build-up factor B,

and the detector efficiency 1M, we model the contrast C and the S/N ratio
of a radiographic image as
Ny (Iy = Ia)

c = (16)
[(B-1) Mg + Myl I,

I, - Ia)
S/N = Ty By = Ta (17)
{[(B-1) Mg + Nyl 1,112

where I, is the average unscattered photon flux that has passed through
the complete target thickness, and I, is the unscattered photon flux
that has passed through a perturbation in the target (a void, for
example) . The u and s subscripts are used to denote the detector

efficiencies for the unscattered and scattered photon fluxes. It is

assumed that all photons have the average energy Ep of the

bremsstrahlung spectrum S(Ep), as defined by

- JEy S(Ey) dEg
Ep = T s(E,) aE
P o]

(18)

In general, the scattered flux spectrum will be somewhat softer than
that of the unscattered flux, i.e., Ty < TMg.

To illustrate the process, consider the problem of resolving a two
millimeter crack in a 2.5 cm-thick section of iron. The optimum S/N
ratio occurs when the thickness L of the object is about twice the

photon mean free path. (We use this result, recognizing that the effect

12



of the variation in build-up factor with object thickness is being
ignored.) The desired cross section is about 9.4 barn/atom for this
thickness of iron. Referring to the iron cross section data in Figure
4, the desired photon energy is about 0.35 MeV. In this energy range
the average photon energy of the bremsstrahlung spectrum is about 33% of
the electron energy, implying a desired electron energy of about 1 MeV.

For this object thickness and energy range, the build-up factor will be
approximately 2.4. Assuming that fjg = Ny = 0.2, then from Eg. (16)

C =2 AL/BL = 6.7% (19)
where AL = 2 mm is the size of the crack.

Eq. (17) is used to determine the required accelerator current,

which becomes under our previous assumptions

S/N = (2/e) (AL/L) (N I,/B)%5 = 1.7x1072 (I,)0:3 (20

To achieve a S/N ratio of 10, I, = 3.5 x 10° photons over the area, A,

of a resolution cell. Since we are interested in 2 mm features, we
assume A, = (0.2 AL)2 = 1.6 x 1073 cm?. Hence, I, = 2.15 x 1O

photons/cm?, or

I = 7.5 x 107 MeV/cm? (21)

assuming an average photon energy of 0.35 MeV. Using E = 1 MeV in Eq.

(8) gives a required accelerated charge of 33 UC. The average reguired
beam current is about 1.3 kA for a nominal 25 ns voltage pulse, and the

radiation dose at one meter from the x-ray tube would be about 36 mR.
V. INDUCTIVE ADDER APPROACH

The Los Alamos National Laboratory regquires a compact,
lightweight, flash radiograph machine capable of stopping the motion cf
small metallic shards in flight. (The shards could be as small as a few

millimeters in physical dimension.) A high signal-to-noise ratio 1is

13
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necessary, even though the radiograph might have to be taken through up
to an inch of steel armoring. Remote tube head operation is also

desired.

Based on the calculations of the preceeding section, the
radiography machine should thus be capable of supplying 30-40 mR at one
meter from the =x-ray tube, and should operate near 1 MV to provide
adequate contrast. Because of cable breakdown difficulties, there is no
off-the-shelf radiographic device with remote tube head operation that
can meet these specifications. As a result, TITAN has devised the
inductive adder approach to meet these radiographic machine

requirements.

Consider the HP Model 43734A 450 kV pulser operated in the dual
remote tube head configuration, as illustrated in Figure 5. In this
configuration both tubes are fired simultaneously by the same pulser,
thereby providing the capability for obtaining orthogonal radiographs of
rapidly moving objects, at the expense of reduced radiation dose (and
penetrating power) from each tube. If it were possible to construct a
device that could add the voltage pulses provided to the two separate
tube heads illustrated in Figure 5, and deliver this higher voltage
pulse to a suitable x-ray tube, then the resulting x-ray parameters
would essentially satisfy all of Los Alamos' requirements. This new

adder configuration is schematically shown in Figure 6.

The technology that is relevant for this adder concept is that
associated with linear induction accelerators. An acceleration cell of
all such accelerators operates by producing voltage around a circuit
enclosing a time-varying magnetic flux. Mathematically, this 1is

described by Eq. (22), where B and E represent the magnetic induction
and the induced electric field, and V is the voltage induced around the

circuit C which encloses the area A.

v =fEdlL=- (1/c) (3/0t) |/ B-da (22)
C S

14
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Figure 5. Standard dual remote tube head radiography configuration.
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Figure 6. Desired inductive adder radiography configuration.
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Time is represented by t, while ¢ is the speed of light., Note that Eg.
(22) allows the generation of voltage by -.anging either the enclosed
magnetic field, or the area normal to the field lines. For example, an
external circuit can be used to establish a magnetic field through a
second circuit. If the current through the external circuit is time-
varying, a voltage will be established at the output connections of the
second circuit, i.e., this is a single turn transformer. The output
voltage can be increased by inserting a core of ferromagnetic material
since the B-field enclosed is increased by the magnetic permeability of
the material according to B = HH, where H represents the macroscoric
magnetic field, and U is the magnetic permeability of the ferr.magnetic

material.

As a practical example of this approach consider the acceleration
gap geometry of Figure 7. A high voltage pulse is injected into an
accelerating cavity containing an annular core of magnetic material. It
is assumed that the magnetic induction pre-existing in the core is
saturated at the value +Bgy. Note that without the core the input pulse
would be short-circuited; however, as current begins to flow around the
core, the magnetic induction in the material changes until it reaches
the value -Bg. During this time T, the accelerating voltage 1is
effectively applied directly to the accelerating gap. From Eqg. (22)
these parameters are related according to VT = DBA = 2 BpA, where A is
the cross sectional area of the annular core. In other words, the
product of the accelerating gap voltage and the pulse time is equal to
the flux swing times the area of the annular core. Note that the

voltage does not appear external to the accelerating gap; i.e., th

D

exterior of the accelerator remains at ground potential and the hicgh
voltage 1is summed by only the beam as it propagates across the

accelerating cavity.

16
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Figure 7. Schematic operation of an induction acceleration cavity.
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An alternate description of the circuit of Figure 7 is that the
voltage pulse appears across the parallel combination of the impedance
Zp associated with the beam, and the impedance 2. associated with the
flow of current around the magnetic core. When the core is saturated at
the level +Bgy, the inductance associated with the current path around
the core is very high, and 2. s very large. Thus, the pulse energy is
delivered directly to the beam. During the time T, however, the flow of
leakage current around the core drives the core into saturation at the
level -Bg. 2c then drops to essentially zero, and the accelerating

pulse is shorted.

From this discussion it is apparent that we can use this vechnique
to construct the adder that is desired. Consider the schematic geometry
of Figure 8. One high voltage input cable from the HP pulser 1is
connected directly to the x-ray tube itself, while a second input cable
is inserted into the side of the adder unit with the connections as
shown. Through use of the magnetic induction cores, the two input
cables are effectively connected in series across the anode-cathode gap
of the x-ray tube, resulting in a doubling of the voltage applied to the
tube.

HIGH VOLTAGE

INPUT
OIL
~ —e
— HIGH VOLTAGE
/,)' INPUT
7
X-RAY FERROMAGNETIC
TUBE MATERIAL
Figure 8. Schematic diagram of the Inductive Adder.
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VI. ADDER CONSTRUCTION

The adder unit is nominally designed to combine the two hig,
voltage cable outputs of an HP Model 43734A pulser to deliver
approximately 800-900 kV to a 1 MV HP x-ray tube. The induction cell
assembly and the X-ray tube are contained within the adder chamber which
is abou” 31 inches long, 13 inches in diameter, and weighs approximately

200 pounds.

A layout drawing of the Adder is shown in Figure 9, and Figures 10

through 12 show Pictures of the Adder and its components.

The Adder consists of the following major components:

1. Core Assembly -~ Twelve 8.5 inch o.d. x 2.5 inch i.d. x 1 inch
thick ferrite cores provide an inductance of 220 mh with a
volt-second product of .014 V-sec as required to inductively
isolate the radial cable input from ground. The peak

magnetization current is expected to be less than 700 A.

2. X-ray Tube - The 1 My tube, which 1is clamped and sealed into
the chamber end plate, is located near the end of the core

assembly.

3. Cable Connections - One cable enters the Adder on axis and is
machined to fit into the reentrant portion of the X-ray tube,
A flexible connector is attached to the end of the cable center
conductor as an aid in making good electrical contact to the
tube terminal. The second cable enters the chamber from the
side and plugs into the electrode that is grounded through the

Core assembly.

4. Reset Inductor - This inductor, which is wound on the plastic
cylinder Surrounding the x-ray tube, allows core reset current
to flow on a long time scale but isolates the short high

voltage pulses from the reset circuit.
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Figure 10. Picture of the Inductive Adder.
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VII.

Shock Absorber - Tygon tubing, which is sealed at both ends, is
wound to form a toroidal coil. This coil, which is located
near the ground end of the x-ray tube, provides a trapped air
space in a defined location that serves to minimize pressure
excursions associated with thermal expansions and with any

shock waves created if an arc occurs.

0il Fill Valves - Two valves are located on the end of the
chamber opposite the x-ray tube for use in filling the chamber
with oil. To fill the system, the top valve is connected to a
mechanical vacuum pump, the chamber is evacuated, and then oil

is introduced through the bottom valve,

Rogowski Coil - A Rogowski Coil is provided to measure the
current in the x-ray tube. The calibration of this probe is

3.5 kA/volt when used with an integrator having 2 ms time

constant.
Reset Circuit - This circuit, which is shown in Figure 13, 1is
located within the HP cabinet. It provides 160 V at a peak

-~

pulsed current of 400 A with a fwhm pulse length cf ~2 ms at
the reset connector on the chamber. The reset circuit is
triggered at the same time the HP Marx is triggered so that the
cores are reset within 2 ms after the high voltage pulse is

delivered.

ADDER OPERATION WITH THE HBP43734A PULSER

The equivalent circuit network for the pulser, adder, and x-ray

tube is shown in Figure 14. As a result, the voltage V[ applied across

the x-ray tube is determined according to

Ve = Vm [(Re/2)/(Rm + Re/2)1 [(Rp/(Re + Rp/2) ] (23)
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FILTER ISOLATICN FULL-WAVE

S Vacel TRANSFCRMER BRIDGE
INPUT ] ﬂjl!gﬂ Y
/77 o >
R4 ' [T A
~AAA
Cl W R2 R1
ouTPuT (5 — AN A

/77

R
C3 J:E? V1 R3 YZSC
_ N—©) TrIcCE?

Ce =—  INPUT
/77

/77 /77
FILTER: CORCOM #6.J4
ISCLATION
TRANSFORMER:  TRIAD N&7A
FULL-WAVE
BRIDGE: IR, 200V, 10A
R1: 1K, 12w
R2: 2> .1 OHM, 3w, IN SERIES
R3: 10 OHM, 2w
R4: 100 KOHM, 2w
Cl: 6> MALLORY HES IN PARALLEL, 2100UF, 400V
Ce: GE HI-F, IUF, 250VAC
C3: 3> GE HI-F, IUF 250 VAC, IN PARALLEL
SCR: POWEREX C150D, 400V, 70A
Vi GE C8, 120VvAC
TRIGGER INPUT: BNC
QUTPUT: BNC

Figure 13. Reset circuit.
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where Ryp is the load impedance of the x~ray tube. The characteristic
impedance Re of the high voltage cables is 63 ohms. Using resistive
loads of varying impedance we separately determined that the internal
impedance Ry of the HP Marx pulser was about 85 ohms. The open circuit
Marx voltage, Vg, is given by Vg = 30 Venh, where Veop is the charging
voltage of the HP control consocle. Substituting these wvalues into Egq.

(23) yields

Vy = 16.2 Vepn [RL/ (63 + RL/2)] (24)

which explicitly shows how the performance of the adder is determined by

the impedance of the x-ray tube load.

Marx Generator 83 ohms
Vo, Rm =85 ohms 63 ohms
RL/2
RL/2

Figure 14. Equivalent circuit of the Inductive Adder.

Thigs predicted adder performance was subsequently checked by
varying the impedance of a resistive load, which was inserted into the
adder in place of the x-ray tube. The current through the resistive
load was measured using calibrated B-dot and Rogowski coils. The peak
output voltage data for several different charge voltages are displayed
in Figure 15 as a function of the impedance of the resistive load.
These data are in substantial agreement with the performance predicted

on the bhasis cof Eg. {24), which 1s shown as the solid line. From these
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simple analyses it is apparent that substantially higher load voltages
could be achieved if the impedance mismatch between the pulser and the

two output cables were reduced.

1.0 | | l ]

Vo/Vm

T |
0 100 200 300 400 500
R, (OHMS)

Figure 15. Dependance of load voltage on load impedance.

Following the resistive load checks a standard 1 MV HP tube (Model
Number 5081-9551) was inserted into the adder. The current through the
tube was monitored using a B-dot probe ‘and a Rogowski coil, while the x-
ray pulse waveform was monitored using an uncalibrated PIN diode. The

total x-ray dose was monitored using a quartz fiber dosimeter.

As an example of these data, Figure 16 shows the current through
the standard 1 MV tube for a charging voltage of 35 kV, while Figure 17
exhibits the output waveform of the Xx-ray pulse as measured by the PIN
diode. The current waveform exhibits two distinct peaks, with the

second being almost twice as large as the first. The total duration of

most 90 ns. Althcough the PIN dicde trace also indicates

this pulse is alm
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two peaks in the x-ray pulse, the second peak is approximately equal to
the first peak in amplitude, and the FWHM of the x-ray pulse is about 50

ns.

These data suggest that the x-ray tube impedance collapses as the
result of plasma closure in the anode-cathode gap of the tube at late
times in the pulse. Assuming the correctness of our circuit model, the
amplitude of the first current peak (3.15 kA) implies a nominal tube
impedance of 234 ohms, and the corresponding output voltage across the
tube is 737 kV. In comparison, the amplitude of the second current peak
(6.3 kA) implies that the tube impedance has decreased to 54 ohms, and
the tube voltage has dropped to 340 kV. The load impedances and tube
voltages corresponding to the first current peak are graphed as a

function of the Marx charging voltage in Figures 18 and 19.

The total x-ray dose as measured by the quartz fiber dosimeter
located one meter from the tube is also displayed in Figure 20 as a
function of Marx charging voltage. A maximum dose of 30 * 5 mR is
obtained at the highest charging voltage (35 kV), although the peak

voltage on the x-ray tube apparently never exceeds about 740 kV.

.—1 -
300 — . -
@ .
=
T e . -
S .
- 4
200 — 5
— -
100 j | ! | B
10 20 30 40
Vch (kV)

Figure 18. Load impedance of the standard 1 MV x-ray tube as a function
of Marx charge voltage.
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Figure 19. Adder output voltage for the standard 1 MV X~-ray tube as a
function of Marx charge voltage.
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Figure 20. X-ray dose at one meter vs Marx charge voltage (standard 1
MV tube) .

30

e



The standard HP 1 MV tube has six cathode splines. In an effort
to increase the tube impedance (thus allowing a higher voltage across
the tube), a three-spliﬁe tube was specially ordered. The resulting
adder current trace for a charging voltage of 35 kV is shown in Figure
21. The first peak of the current pulse is now 2.6 kA, and the average
dose at one meter has increased to 35 * 5 mR. The corresponding tube
impedance is 310 ohms, and the peak calculated voltage is 806 kV. These
values are essentially equal to the requirements for the Los Alamos
radiographic machine. Impedance values and peak voltages across the new
high impedance tube are graphed in Figures 22 and 23 as a function of

Marx charging voltage.

Figure 21. Current through the Inductive Adder. The maximum current in
the first peak is 2.62 kA. (Modified high impedance HP
x-ray tube.)
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Figure 22. Load impedance of the modified high impedance 1 MV tube as a
function of Marx charge voltage.
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Figure 23. Adder output voltage for the modified high impedance 1 MV
tube as a function of Marx charge voltage.
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VIII. X-RADIOGRAPHY EXPERIMENTS USING STATIONARY TARGETS

In order to demonstrate the enhanced penetrating power provided by
the inductive adder, we performed several radiography experiments using
stationary targets. Prior to these measurements we first determined the
decrease in x-ray dose delivered to a quartz fiber dosimeter placed one-
half meter from the high impedance tube as a function of Marx charging
veltage. These data are graphed in Figure 24. Very roughly, the
thickness of steel required to reduce the dose by a factor of 2 was

about 0.25 inches.

The configuration for the radiography tests is shown in Figure 25.
The target set could be placed between various thicknesses of steel
plate, and the tube-target and target-film plane distances could be
varied independently. The target set consisted of six steel ball
bearings with diameters of 0.1250 in, 0.1555 in, 0.1875 in, 0.2505 in,
0.3155 in, and 0.3765 in, respectively. A small lead shot pellet of

0.0806 in (3.17 mm) diameter was an additional object.

The x-ray film used in these measurements was Kodak XAR-7 x-rav
film, kindly provided by Mr. Jake Lucero of LANL's M-8 Group. In
addition, we used three different image intensifier screens, a CRONEX
NDT-2, NDT-9, and a CRONEX QUANTA FAST DETAIL screen, which were loaned
to TITAN by the Air Force Weapons Laboratory.

A complete list of all x-ray tests is included in Table 1. Within
the limits of our film reproducing capabilities, several examples are
exhibited in Figures 26-31. As a general summary, we could easily
record all seven target objects through an inch of steel plate. In
fact, we were able to record very good target images through up to 1.75
inches of steel. We obtained best results with the NDT-2 image
intensifier screen. In addition, use of a 0.25 in thick lead aperture
(to reduce scattering from the steel plate, as shown in Figure 3) also
improved our target images. Best results were generally obtained at the

highest charging voltages, especially for the thickest layvers o

rt
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absorber. However, by varying the time for film developing and using
thicker image intensifier screens we were able to obtain very good
images at lower voltages for smaller thicknesses of absorber. As
expected, the smallest target object, the lead pellet, was easier to

observe than the steel ball bearing which was almost twice as thick.

1 | |
o
100 —
= N
E
= »
wn
o N
Q
10 ! | T

0 0.25 0.5 0.75 1.0
INCHES OF STEEL

Figure 24. Variation of x-ray dose at 50 cm from the tube as a function
of steel penetration thickness for several Marx charge
voltages.
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Figure 25. Configuration of radiography tests.

Based on these observations, use of the inductive adder in
conjunction with the HP 43734A pulser should permit the observation of
few-millimeter-thick tungsten (or other suitable high-Z/high-density
material) shards through an inch of steel armoring, provided that the
tube-film plane distance is less than about one meter. Some
experimentation with different recording films, developer times, image

intensifiers, etc. is recommended to obtain best results.
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IX. SUMMARY

TITAN has successfully developed an inductive adder for use with a
Hewlett-Packard Model 43734A Marx pulser. The unit provides an 800 kV
peak output pulse to a modified HP 5081-9551 1 MV x-ray tube. The tube
fits into the adder unit, and can thus be remotely operated. The total
on-axis x-ray dose at one meter from the tube is 35 + S mR, as measured
by a quartz fiber dosimeter. The FWHM duration of the radiation pulse
is £ 50 ns. Based on the the results of radiography measurements using
stationary targets, this unit permits the user to observe few-
millimeter-thick tungsten (or other suitable high-Z/high~density
material) shards through an inch of steel armoring, provided that the

tube-film plane distance is less than about one meter.

Although not demonstrated here, the special construction of the
adder should permit multiple pulse operation at approximately 350 kv,
provided that catastrophic plasma closure does not occur in the x-ray
tube between x-ray pulses. It should also be possible to repeat the
adder process more than once. Finally, a single high voltage cable
output from the Marx generator (with a splitting inside the adder unit)
would decrease the impedance mismatch and further increase the voltage

by approximately 15%.
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