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Bremsstrahlung Convertors: Materials Design and Development* 

R. E. Allred 
Sandia Laboratories, Albuquerque, New Mexico 87115 

ABSTRACT 

An improved bremsstrahlung convertor for use at high electron beam 

energies has been developed. The convertor consists of three main 

components: (1) conversion foil, (2) electron scavenger and (3) impulse 

shield. Structural failures of the impulse shield were experimentally 

determined to be caused by shock wave interactions. Convertor materials 

and design modifications were aimed at attenuation of the magnitude of the 

shock and maximization of energy absorption by the convertor materials. Tech· 

niques proven successful included the introduction of porosity into electron 

scavenger and impulse shield materials, the use of a standoff between the 

conversion foil and the electron scavenger, the insertion of a gap between 

the scavenger and impulse shield, and the use of advanced composite materials 

for the impulse shield. These modifications have increased the convertor 

operating range from 4 caljgm Au to over 8 caljgm Au. Kevlar 49 rein-

forced-resin composites have proven to have the best combination of 

strength, stiffness, toughness and x-ray transport properties for use as 

bremsstrahlung convertor impulse shields. 

*This work was supported by the United States Energy Research & Develop
ment Administration. 
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Introduction 

The bremsstrahlung reaction in which an accelerated electron is 

scattered and radiates is well known.
l 

Bremsstrahlung sources based 

upon this principle are used for a wide variety of photon effects ex-

periments on electronic circuits and materials. These sources are 

generally driven by a high energy pulsed electron beam generator. The 

energetic electrons impact a convertor foil and the characteristic X 

radiation is produced. In the process, the convertor foil is vaporized 

into a cloud of highly energetic atoms. Specimens being exposed to the 

bremsstrahlung radiation must be protected from this debris. In addition, 

the conversion process has been shown to be optimized in terms of photon 

fluence for a heavy metal foil by using thicknesses three tenths of the mean 

electron range. 2 However, a majority of the electrons are not captured by such 

a thin foil and the specimens and calorimeters must also be protected from 

shine-through of these residual electrons. To perform these functions, 

the conventional convertor consists of three main components3,4,5: 1) 

conversion foil, 2) electron scavenger and 3) impulse shield or debris 

stopper. These components are held in a planar geometry by a retaining 

plate as shown schematically in Figure 1. Because the performance of the 

convertor is integrally coupled to the retaining plate, the plate may be 

considered a forth convertor component. 

The efficient conversion of electron energy to photon energy re

quires a high atomic number (Z) target such as tantalum or tungsten. 4 

The electron scavenger must be a low Z material to transmit the brems-

strahlung and absorb residual electrons. The electron scavenger must 



also transfer the applied forces to the impulse shield--the structural 

member of the convertor. The applied forces result from the recoil of 

the convertor foil atoms during vaporization which dynamically loads the 

electron scavenger. A bulk graphite material is typically used for the 

electron scavenger,4 although boron carbide6 and water7 have also been 

used successfully. 

The impulse shield must also have good x-ray transmission properties 

and be sufficiently strong and stiff to withstand the blowoff forces 

without deflecting into the specimen and calorimeters. Limiting dynamic 

deflections to a minimum is an important consideration in convertor 

design. A minimum target-sample distance is required to obtain maximum 

dose in the sample because the produced photons diverge approximately as 

the inverse of axial distance. 4 Convertor design and materials selection 

are then governed by minimizing dynamic deflections with high specific 

strength and stiffness materials. 

The low Z requirement severely restricts the use of common structural 

metals in the shield; however, aluminum and magnesium have been used at 

6 low fluences. Although the properties of beryllium are attractive, it 

is not used for reasons of cost and toxicity. High performance filament-

reinforced resin-matrix composites are the only other available low Z 

materials with sufficient strength and stiffness. An E-glass/polyester 

composite had proven to be the most successful impulse shield in previous 

work4 ,6 for beam energies of 15-20 kilojoules. There are a number of 

reinforcements with a lower Z than glass which may be incorporated into 

a high performance convertor impulse shield; however, selection of an 
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advanced composite material for a given application involves the inter-

action of many composite variables (reinforcement, matrix, reinforcement 

form and orientation) with the operational environment. For example, 

although most of the properties of boron and carbon or graphite filaments 

are attractive for a convertor application, their limited impact re-

sistance should eliminate them as candidate materials. Kevlar polyaramid 

filament (DuPbnt de Nemours and Co.), however, combines the impact 

resistance of glaSS
8 

with higher stiffness and one-half the average Z 

of glass. As such, Kevlar is the most attractive replacement for glass 

as a convertor impulse shield reinforcement. 

It is the purpose of this paper to present the results of a program 

conducted at the Rehyd test facility9,10,11 to develop a bremsstrahlung 

convertor capable of surviving electron beam energies of 25-30 kilojoules. 

X-ray dose was monitored by deposition in Au foil calorimeters as 

described by Lockwood and Miller. 12 

Cpnvertor Development 

The first step in improving convertor performance was to identify 

the stress state in and the failure mode of the impulse shield. Initial 

evidence was conflicting, supporting both short time shock wave and longer 

time bending mode failures. DOlce,4 using a 0.002 in. (0.05 mm) Ta foil, 

0.125 in. (3.~ mm) ATJ graphite scavenger and 0.125 in. (3.2 mm) armor 

plate fiberglass impulse shield, noted specimens and calorimeters placed 

0.5 in. (12.7 mm) from the impulse shield were impacted by the shield. 

Such large deformations are indicative of a bending stress state. Sub-

stitution of an armor plate Kevlar 49 (fabric style 1033)/polyester 



composite for the impulse shield in the convertor arrangement used by 

4 Dolce resulted in a larger permanent deformation of the impulse shield 

at a comparable energy level. This type of permanent deformation is 

seen in Figure 2 and is indicative of the internal damage sustained by 

the composite. The Kevlar 49-reinforced impulse shield theoretically 

should have shown less deformation due to its higher stiffness. This 

anomaly was caused by the high compliance of the 0.25 in. (6.35 mm) 

polycarbonate retaining plate. The large deformations were due to bending 

in the retaining plate with the impulse shield carried along. The 

stiffer Kevlar 49/polyester composite, which could not deform as easily 

as the retaining plate, picked up additional load and subsequently dis-

played larger permanent deformations than the fiberglass impulse shields. 

Bending displacement in a plate may be estimated by Equation (1):13 

kp R4 
0 (1) w 

Et3 max 

where w = deflection max 

k geometric factor 

Po uniform load 

R plate radius 

E Young I s modulus 

t plate thickness. 

For the convertor retaining plate, the only quantities in Equation (1) 

which may be varied are E and t. A thicker plate is thus more effective 

in reducing deflection than is the substitution of a stiffer material. 

A combination of these effects was used in this program as a 3.0 in. 
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(76.2 rom) thick aluminum plate was substituted for the thin polycarbonate 

retaining plate. The convertor arrangement used throughout the balance 

of this discussion will consist of a 0.002 in. (0.05 rom) Ta foil, 0.125 in. 

(3.2 rom) ATJ graphite scavenger and a 0.170 in. (4.3 rom) composite 

impulse shield held in the thick Al retaining plate. 

Once the high compliance of the retaining plate was taken out of 

the convertor system, the stress state in and controlling failure 

mechanism of the impulse shield could be determined. Identification of 

the failure mode was accomplished by substituting a graphite (Thornel 300)/ 

epoxy composite for the ATJ graphite electron scavenger. The result is 

shown in Figure 3. The blown-out appearance of the graphite filaments 

toward the Ta foil could not be the result of structural bending. Such a 

result could only be caused by stress wave interactions. The extensive 

damage to the impulse shield shown in Figure 2 also points out the dis

persion effect of the porosity in the ATJ graphite. The void-free 

Thornel 300/epoxy laminate transmitted the shock wave with little 

attenuation to the impulse shield which failed by spallation near the back 

surface. A similar result was obtained by substituting pressed B4C for 

the ATJ graphite. In both cases, less damage would be expected had the 

principal loading been structural bending of the scavenger and shield 

unit. The porosity in the graphite electron scavenger appears to play 

a key role in convertor response. A short duration, large amplitude 

shock wave is attenuated as it travels through the porous graphite--a 

condition that reduces the possibility of failure in the impulse shield. 

The result for a B4C scavenger is in conflict with the observations of 



01iphant6 who attributed superior performance to the high ablation 

energy of boron carbide. It is possible that the B4C used in his 

experiments contained a porosity distribution similar to that in 

graphite and thus acted to attenuate the shock wave in a similar 

manner. 

Once the failure mode in the convertor impulse shield was identi

fied as a shock wave phenomena, two approaches could be taken to design 

convertors capable of withstanding increased impulse loads: 1) increased 

energy absorption by the materials and/or 2) reduction of the stress 

wave amplitude. A combination of these approaches should provide the 

optimum convertor configuration. Energy absorption can take place by 

the mechanism of delamination between plies in a composite laminate. 

For this to occur, the incoming compressive wave must be reflected at 

the back surface as a tensile wave. Delamination by spallation will 

occur when the magnitude of the tensile stress pulse exceeds the 

composite interfacial strength. 

POrosity in the composite impulse shield also appears to be effective 

in attenuating the stress pulse. This effect is seen in the micrographs 

of three impulse shields (Figure 4), all tested in the same convertor 

configuration. The 1033 Kevlar fabric/polyester laminate in Figure 4a 

is an armor material specially fabricated for ballistic purposes 

(Russell Plastics Technology, Inc., Lindenhurst, N.Y.). As such, it 

contains up to 25 percent porOSity. The Kevlar 181 (50 x 50 picks/inch, 

380 denier, 8 harness satin) fabric/epoxy laminate shown in Figure 4b 

was fabricated to theoretical density. The dense composite does not 
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attenuate the stress wave as much as the porous composite (4a) and spalls 

close to the back surface in a catastrophic manner rather than by in

ternal delaminations. The geometry of the fiber bundles and loose weave 

of the 1033 fabric may also have an attenuating effect. 

The quasi-isotropic (0, 90, ±45) tape layup shown in Figure 4c 

also does not attenuate the stress wave like the 1033 cloth; however, the 

greater strength of this composite suppresses severe spallation near the back 

surface and ultimately absorbs a portion of the stress pulse through a 

spall induced delamination in the interior of the plate. Once delamination 

has occurred, the remaining ligament of the quasi-isotropic plate is stiff 

enough to prevent large deflections during the longer duration ring-down 

of the trapped pulse. This is not the case for the 1033 fabric, however. 

The loose weave allows large magnitude deflections in the remaining liga

ments as seen in Figure 4a. The quasi-isotropic tape layup provides a 

maximum in strength and bending stiffness which results in minimum con

vertor deflection; however, once the tensile strength of the filaments is 

exceeded, catastrophic failure of the type shown in Figure 3 will result. 

Success then lies in reducing the stress pulse below the composite spall 

strength. 

The impulse may first be modified at its source, the Ta foil. By 

introducing a standoff between the Ta and graphite, the vaporized atoms 

are allowed to expand prior to impinging upon the graphite. In the 

process, the atoms undergo multiple collisions, diverge and spread their 

energy out in time and over a larger area of the graphite. The resultant 



effect on the impulse is most easily seen in the computer models of 

14 R. C. Reuter. Using the WOND~5 code, and a fixed electron deposition 

profile, Reuter examined the effect of Ta standoff distance on the maxi-

mum tensile stress in the composite impulse shield. While the absolute 

magnitudes of stress are not quantitative because of approximations in 

the materials equations of state, the trends shown should be correct. 

The wave profiles for the case of no standoff are shown in Figure 5a. 

The major components of the waves are shown as they move toward the impulse 

shield with increasing time until shortly after reflection from the back 

face. In the calculation, neither the graphite nor the composite are 

allowed to fail. The maximum tensile stress under these conditions occurs 

in step 5 of the profiles shown. The attenuation in the graphite is seen 

in the comparison of steps 1 and 2. Wave profiles for the case of a 

0.0625 in. (1.6 mm) standoff between the Ta and graphite are shown in 

Figure 5b. A dramatic change occurs in the shape of the stress pulse--

the maximum compressive stress produced in the graphite is greatly 

reduced and is accompanied by a significant tensile tail. The maximum 

tensile stress occurs when the tensile tail combines constructively with 

the main pulse after it is reflected as a tensile pulse from the back 

surface of the impulse shield. This mechanism will promote internal 

spallation (delamination) in the composite while reducing the probability 

of catastrophic spallation of the back surface. The general result of 

Reuter r s
14 

study is that the magnitude of stress decreases hyperbolically 

with increasing standoff distance. 
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The stress pulse may be further modified by the introduction of an 

air gap between the graphite electron scavenger and composite impulse 

shield. Similar to the mechanism of stress reduction by a standoff, 

the internal gap is more effective because it is a longer time event. 

Briefly, the stress pulse reflects off the back surface of the graphite 

as a tensile wave and begins fracturing the graphite in tension. The 

stress waves then reflect back and forth in each graphite fragment as 

the fragment undergoes a rigid-body translation into the composite. 

During this process the shock waves are losing energy by interaction 
J 

with rarefactions. In addition, impact of the fragments upon the com-

posite is spread out in time, further attenuating the original pulse. 

A schematic of the convertor configuration incorporating both Ta 

standoff and internal gap is shown in Figure 6. The benefits in reducing 

stress amplitude by these modifications may be seen in Figure 7, a 

micrograph of a; 1033 Kevlar fabric/polyester impulse shield tested in 

the Figure 6 configuration. A comparison with the same material tested 

without standoff and internal gap at a slightly lower energy level 

(Figure 4a) reveals that composite internal damage has been spread over 

a larger area at a decreased severity. Permanent set in the impulse 

shield (Figure 7). an indication of dynamic deflection, has been reduced 

by a factor of 5 from the convertor shown in Figure 4a. In addition, 

the composite tested without standoff and gap shows evidence of the onset 

of back surface spallation, meaning that the impulse shield is being 

stressed to the strength limit of the fibers in that configuration. The 

only spall seen in Figure 7 is the numerous small internal delaminations, 

indicating that reduced stress levels are introduced into the composite 

in this convertor configuration. 

12 



A plot of impulse shield permanent set such as seen in Figure 2 

versus dose to gold for this convertor is shown in Figure 8. The scatter 

in the test data is typical of this type of environment. Beam geometry, 

calorimeter diagnostics and variable porosity distributions in the com

posite impulse shield are the main sources of error leading to the 

extreme experimental scatter. 

This type of data does provide useful trends, however, as seen in 

Figure 9 - a summary of experimental data demonstrating the effects of 

the design modifications previously discussed. Permanent deflection in 

the impulse shield is plotted versus x-ray dose at a normalized Ta to 

Au calorimeter distance. All impulse shields are of the 1033 Kevlar 

fabric/polyester type with the exception of the quasi-isotropic tape 

layup, a 0, 90, ± 45 degree laminate of 195 denier Kevlar yarn in an 

epoxy matrix. The straight line plots are least squares fits to a 

minimum of 20 experimental data points. The stress pulse attenuation 

effect of the standoff and internal gap is manifested in the increased 

slope and damage threshold (intercept) of the dose-damage curve. The 

higher strength and stiffness of the tape layup also results in improved 

performance. However, the tape layup is roughly 8 times as expensive as 

the 1033 cloth layup ($8.00/impulse shield) and should only be used for 

high energy level tests. 

Future Work 

Future efforts in convertor development will be directed towards 

optimizing the modifications discussed in this paper. Graphite porosity 

and thickness, standoff distance, and internal gap distance are all 

interrelated and should be optimized with respect to one another. 
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Multiple internal gaps, either through thin layers of graphite and/or 

composite, might provide considerably better performance and will be 

evaluated in high energy tests. Future composite materials development 

will include examination of reinforcement weave and three dimensional 

weaves. Materials such as Kevlar 29 filament (lower stiffness version 

of Kevlar 49) and tough thermoplastic matrices will be investigated. 

Conclusions 

The results of the convertor development program conducted at the 

Rehyd Electron Beam Test Facility allow us to make the following 

conclusions: 

1. The retaining plate must have high bending stiffness to minimize 

convertor deflection. 

2. Failure modes in the convertor impulse shield are due to shock 

waves. Design modifications must be aimed at stress pulse 

attenuation or increased resistance of the convertor materials to 

shock wave damage. 

3. Porosity in convertor materials, standoff of convertor foil, and 

internal gaps between the electron scavenger and impulse shield 

are techniques shown to reduce stress wave amplitude. 

4. Kevlar-reinforced resin composites provide the best combination 

of strength, stiffness and low atomic number for impulse shield 

materials. 

5. Incorporation of these modifications is shown to substantially 

reduce damage in convertor impulse shields from that of con

ventional convertors. 
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Figure 2. Deformation in exposed convertor impulse 
shield. 



Figure 3 . Catastrophic failure of convertor with a Thornel 300/ 
epoxy electron scavenger . Approximately 6.5 cal/gm Au. 
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Figure 4. Micrographs of exposed Kevlar-reinforced impulse shields. (a) Style l033 
cloth, 7 cal/gm Au; (b) Style 181 cloth, 6.4 cal/gm Au; (c) 195 denier 
quasi-isotropic tape layup, 6.7 cal/gm Au. 
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Figure 7. Style 1033 Kevlar fabric/polyester impulse shield tested at 
7.6 cal/cm Au with standoff and internal gap. 
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8110 A. N. 

P. Gerstle, Jr. 
E. Allred (10) 
L. Butler 
E. Mead 
R. Guess 

Blackwell 

(2 ) 

Attn: 8113 C. S. Hoyle 
8114 W. D. Zinke 

8150 D. E. 
Attn: 

Gregson 
8157 G. 
8158 A. 

N. Beeler 
S. Rivenes 
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8310 R. H. Meinken 
Attn: 8312 D. R. Adolphson 

8314 H. J. Saxton 
8360 J. F. Barham 

Attn: 8362 G. R. otey 
9350 F. W. Neilson 

Attn: 9351 D. W. Ballard 
9352 O. J. Burchett 

Attn: J. H. Gieske 
9512-1 R. J. Martinez 
3141C. A. Pepmueller (5) 
3151 W. L. Garner (3) 

For ERDA/TIC (Unlimited Release) 
3171-1 R. P. Campbell (25) 

For ERDA/TIC -
8266 E. A. Aas (2) 




