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I
I. INTRODUCTIO N

A thermoluminescent  detector (TLD) fixture was fabricated to resolve

the x -r a y  spect rum f rom the Mark IV plasma focu s operated in the retro-

focus  simulato r (RFS) mode . The diagnostics were specifically desi gned to

resolve the spectrum in the range of I to 1000 keV for  various converte r

• mate rials to demonstrate spectral  tailo ring. The technique has been used

with both aluminum and tantalum converters .

Previous spectral anal yses on the RFS we re conducted by using corn-

bi ria tions of t ransmitt ing foils and silicon PIN diode detectors .  The diode

response was proportional to the x - r a y  dose ra te , unlike the TLDs , which

ar t ’  dose-dependent .  The use of TLDs as dosimeters has two particularly
at t rac t ive  fea tu res :  (1)  the small physical size of the dosirneters permits
the simultaneous i r rad ia t ion  of several  TLDs , which minimizes experimental

er r o r  f rom poor reproducibili ty,  and (2) contributions from fluorescence and

Comp to ri scat ter ing are more easily included in the analysis.

_  
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II. EXPERIMENTAL DESCRIPTION

The Mark IV re t ro-focu s simulator is shown in Fig. 1 . A significant

modification of the conv entional mode of operation is the use of a hollow-
c e n t e r  electrode th rough which an ene rge t i c  electron beam is transported to

an  x~~ra y conver te r by a copper d r i f t  tube extension.  Thi ck targets of alumi-

num or  tantalum a re  supported inside the converte r housing to which a 1.4 m

diagnos t i c tube is a t tached.  P rovision was made for  the inclusion of an x -r ay

window be tween the hous ing  and the diagnosti c tube; however , these measure-

ments  we re conducted wi thout  the window in order  to avoid atte nuation of the

low-energy  photons . High-ene rgy elect rons  scattered from the converter
w e r e  prohibited f rom enter ing the x -r a y  diagnostics by a 2 . 5 kG magnet

or ien ted  t r ansver se  to the diagnostic tube. A large ap e rture gate valve was

installed adjacent  to the diagnostics so that the dosimete r f ixture  could be

removed without br ing ing  the main chamber to ambient p r e s su re .

Typical operat ing pa ramete r s  we re static fill p r e s s u r e s  of 2. 5 to 3. 5

T o r r  deuter ium and bank voltages of 12 to 16 kV. Hi ghe r charging voltages
were  not used because of concomitant  r isks of insulato r damage. Experi-
men t s  were  conducted at a total capacitance of 168 p~F in addition to several
exposure s at 84 ~ F. In o rder  to accommodate the diagnostics, the device
was opera ted  in the g rounded switch mode , i . e . ,  the center  electrode (anode)
and attached d r i f t  tubes were grounded .

The Harshaw TLD-200 (CaF2 :Dy) dosimete r s  a re  mounted inside a

4 .9 cm diam a luminum cyl inder , ~~h ich  is  described in detail in Appendix A.
The f i x t u r e  houses an a r r a y  of 1 1  t r a n s m i s s i o n  f i l ters  affixed to the f ron t  of the

package and the i r  cor responding  dosimeters , which are  attached at the back

p lane .  The TLD dosime te r c rys ta l s  a r e  square chips 3. 2 mm on each side
• and 0. 89 mm thick . The 11 TLDs were  selected f rom a larger  batch subject

to the condi t ion  that, when exposed to a cons tant  dose of soft  or hard x_ r a y s ,

—
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the detectors exhibited shot-to-shot reproducibility in response to both
• spectra  to within 2%. This aided in the elimination of TLDs that had imper-.

• f e c t ion s , d i r ty sur faces , or diffe rent  thicknesses , which would have resulted
-
~ in erroneous reading s. The less stringent condition that the TLDs have

- responses similar to each o the r  was app lied whe re possible .
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UI. ANALYSIS

C

The x _ r a y  absorp tion of the TLD c rystals  was calculated by using the
ene rg y t r a n s f e r c ro s s  sect ion , which consis ts  of the photoelectric cross

Sect ion  and the Kicin-Nish ina  contr ibut ion (Con-ipton absorpt ion)  to the ene rgy
t r ans fe r cross sect ion . 

1 , 2 The computed absorption for  photon energies  in
the range of 1 to 1000 keV is g iven in Appendix B.

The f i l t ra t ion and the supporting windows used in the f ix ture  ar~ listed
il l  Tabl e 1. The corresponding x -ray  transmission for each of the f i l ters
is shown in Fig. B-2 , where  each curve is indexed by the designation used
in Table 1. The transmi ssions we re computed by using the total cross
section , wh i ch consists  of the photoelectric cross section in addition to the

1, 2total Klein-N ishj n a  cross section.

A t a give n d i s t a n c e  f rom the x -r a y  sou rce , the f luence .~~ca n be
ex pressed as a summation over N in te rvals such that

F . AE . cal/cm2 ( 1)
j = 1  ~

where  F. is the d i f f e ren t i a l  f luence  of each interval in dimensions of

cal/cm2 -keV , and ~~E. is the width of each ene rgy interval in keV .  Thus, the

dose G. received by a TLD that  is behind filte r i can be represented as

1 W . H. McMaste r et al , Compilation of X - R a y  Cross Sections, U C R L  50174 ,
Sec. II , Rev . I , L a w r e n c e - L i v e rmore  Labo rator ies , Livermore ,

• • CThfo rnia (May 1969) .

2 F. B iggs  and R. Li ghthill , Anal ytical  Approximations for  X -Ray  C ross
Section II, S C-R R-7 1  0507 , Sandia Labo rato r ies , Albuquerque , New Mexico
(Decembe r ~97 1).
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Table 1 . X-Ray F i l t e r s  used in TLD Dosimete r Fixture

Filte r Index , Filte r Filte r Thickness , Kap ton Window Additional Cu
• i cm Thickness , Filtration ,

cm cm

I Be 0 .00 18

2 Be 0.0053 0.0013

3 Be 0.00 18 0 .0 17

4 Al 0 . 0076 0 .0013

5 Al 0 .05 1  0 .00 13

6 Cu 0 . 0 1 3  0 .00 13

7 Cu 0. 053 0 .0013

S Cu 0. 32 0 .00 13

9 Pb 0. 18 0.0013

10 Pb 0. 41 0 .0013 0 . 1 3

11 Pb 1. 3 0.0013 0.13

_ 10-
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C. F. K. T.. ~ E. Rad (C aF2) (2)
j n l

• where  T. .  is the x - r a y  t r ansmiss ion  of filte r i at e n e r g y  interval j ,  and K. is

• 
• the TLD convers ion

2
Rad(CaF ) -cm

K. = 4. 186 x t o~ 
1 1_ eX P (— lL P t)J ~ 2 (3)

p t cal

The expression [1-ex~(- te~t)]~ 
is the TLD absorp tion, and p and t are the

density and thickness of the dosimeters , respectively .

The exposed TLDs are analyzed by using a reade r whose output in

nanocoulombs is p roportional to the x-ray dose. Therefore , it is appropriate

to de f ine  a new variable , D. (ncoul), which is propo rtional to G~. This now

p e r mi ts one to wr i te  Eq. (2)  as

N
D. = X F. ( l _ e

_
~~~

t ). T.. AE. (4)
3 3 13 3

where X includes the constants  in Eq. (3) as well as the sensitivity of the

crys ta ls .  The value of X was experimentally determined by using a call -

• brated x-ray source.

Thus, the expression in Eq. (4) may be rewritten in matrix form as

D = X A F  (5)

w h e r e  D is a vector  that describes the relative response of the 11 dosimeterS,

ari d the vector  F denote s the incident spectrum. The elements in matrix A
are computed by us ing  the relat ion

~ 11-
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A. .  = ( 1~~~~~ P t ) T .. ~~E. (6)
i J  3 lj  3

Furthe r details concerning the dete rmination of the transfe r matrix A are

i v c n  in  A ppendix B .

- 12 -
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IV. CALIBRATION

The relative calibration and reproducibility of the TLDs were measured

by multiple exposure s on a dc x-ray tube arid on the RFS. A minimal filtra-

tion of 1 .8 x 10~~ cm ber yllium encapsulated the crystals . The RFS delivered

pr imar i ly  a surface  dose , whereas  the 100 kV x -ray  tube , whose spectrum

was ha rdened with 0 . 13 mm of Cu , produced a more uniform bulk dose.

Successive exposures dete rmined that the relative response was within 2%

for  su r face  and bulk doses .

The sensit ivi ty of the TLDs was  dete rmined by exposing the dosirneters

in the f i x t u r e  to the radiation f rom the x_ ray tube. Several calibration runs

we-re  made at opera t ing  pa rameter s  of 100 kV and 1 mA for a 10 mm interval.

The’ spec t rum was hardened with 0. 1 3 mm of Cu so that the spectrum and

fluer. ce could be p r e c i s e ly p red ic ted . For these parameters , the to tal
-5 2

• f luence at a distance of 1. 4 m was calculated to be 8. 04 x 10 calj cm . The

constant  X was computed to be (6 , 0 ± 0. 5) x IO~ for  t h ree  series of calibration

exposures .

3• F . Storm , Ii. I. I s rae l , and D. W. Lier , Bremss t r ahlung  Emiss ion
Measureme nt from Thick Tungs t en  Targe ts  in the Energy  Range 12 to 300 kV,
LA-4624 , Los Alamos Scientif i c Laboratory,  Los Alamo s, New Mexico ,
(April 1971).

- I 3-
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V . EXPERIMENTAL RESULTS

An imp rovement in s ignal- to_noise  rati o and a consequent reduction in
er r o r  were obtained by ave rag ing the data over multiple exposures. Typically,
5 to 15 exposures  of the f ixture  by the RFS at 1.4 m were performed before

• the dosi.meters we re read . The total dose received by each TLD dosimeter
was divided by the total number of exposures to obtai n an average dose p~~r
shot. The data were normalized to the response of filter set No. 1, as shown
in Table 2 for both aluminum and tantalum converters. Also included in the

table is the relative response when irradiated by the dc x - ray  tube du ring the
calibration experiments and estimates of the uncertainty in the data. It is
believed that variations in the spectrum from shot to shot accounted for  thi s

scatte r in the data.

• The absolute response of TLD No. 1 is shown in Table 3 for both
aluminum and tantalum conver ters . The machine was operated at stati c
deuter ium fill p re s su res  of 3. 3 Torr;  the relevant electrical parameters  are
shown in the table. As anticipated , the fluence from the ta ntalum converte r
was approximately four times la rger  because of the Z-dependence of the x_ r a y
ef f i c i e n c y .
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Table 2. Relative TLD Response on the RFS

Filte r Al Converte r Ta Converte r X-Ray Tube
Index Response Response Response ,

- 
i , No . w/0 . 13 mm Cu

1 1.00 1 . 00 1.00

2 0.92 ±0.01 0.96 ± 0.01 1.00 ± 0 . 02

3 0 . 87 ± 0 .02 0 .9 1 t 0 . 02 1.00 ± 0 . 02

4 0 . 66 ± 0 . 0 2  0 . 68 ± 0.02 0 .97  ± 0 . 0 2

5 0.45 ±0.01 0.46±0.02 0.95 ±0.02

6 0 . 099 ± 0. 008 0. 12 ± 0. 02 0 .65  ± 0 . 03

7 0 . 027 ± 0 .004 0.038 ± 0 .008 0. 265 ± 0 .001

8 0. 010 ± 0. 004 0 .006 ± 0 .001 0.0185 ± 0.0005

9 0 .002 ± 0 . 0004 0 .002 ± 0.0004 0 .0008 ± 0.0002

10 0. 0007 ± 0. 0003 0 .0007 ± 0 .0003

11 0 . 00005 ± 0 .00002 0 .0 0005 ± 0 .00002

I

~ 16.. 
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Table 3 Average Response of Reference  Dosimeter No I

Converte r Bank Capacitance , Bank Voltage , Bank Energy ,  Response ,
kV kJ ncoul fshot

• Ta 168 14 16. 5 6.0 ± 1.0

84 16 10.8 7.0 ± 0.3

Al 168 14 16.5 1 .5 ±0.5

- . 1 7 —
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VI . SPECTRAL CALCULATIONS

Spectra we re computed for  the tantalum and aluminum converters  by

using an operator_ imp leme nted compute r routine to search for a fluence vecto r

F that satisfies the measured relative response of the TLD dosimeters that are

• e lements of the data vecto r D . Thus , a solution for Eq. (5) ,  D = X A F  , was

found by using the trans fe r matrix in Appendix B and the data in Tables 2 and

3. From Table 3, absolute responses of 7 .0 ricoul/shot for tantalum and

1 . 5 ncoul/shot for a luminum wer e ’ used as the r e ference  data to generate the

x -r a y  spectra of the two conv e rte rs .

The computed dif ferent ia l  fluence at 1. 4 in for  tantalum and aluminum

converters is show n in Table 4 and Figs. 2 and 3, respectively. Included

in the table is the e r ro r  in the computed 0 vecto r values , generated by the

C 
chosen fluence vecto r F .  that falls outside the experimental data range. The

compute r search was designed to minimize ’  this e r r o r .

The total x - r a y  fluence per  shot for  the two spectra was computed from

Eq. ( 1) .  A to tal f luen ce ’  of 3. 37 x 10~~ cal/cm2 was calculated for the tantalum

converte r , whereas a smaller flu ence of 8. 22 x io _ 8 
cal/cm2 was computed

• for  the aluminum converte r at a distance of 1 .4 m .

— ______ 
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Table 4. Computed Different ial  Fluence at 1.4 in from RFS

Tantalum Converte r Aluminum Converte r
E ., ~~E ., I cal \ / • cal \• J F . I  I E r ro r , F . u  I Error ,keV keV 

~ \c rn2 _k eVJ % ~ \cm 2 -keV /

• 1 1 . 3 0 . 8 2 .33 x l0~~ 0. 8 2 . 50 x  10~~ 0 .6

2 2 . 5 1 . 6 Z .92 x 10~~ 0 1 . 13x  IO~~ 0

3 5 . 0 3 . 1 3. 5 0 x  10~~ 0 .26 7 . 50 x  10~~~ 1. 4

• 4 9. 0 5 . 5 3.50 x 10~~ 0 5 . 00 X ~~~~~ 1. 5

5 16 • 10 4 .67  >~ 1O~~ 2 . 8 1. 0 8 x  1O~~ 4 .8

6 30 20 3. 5 0 x  10~~ 1 . 8 • 6. 7 5 x  10~~~~ 2. 7

• 7 60 38 l . .9 3x  10~~ 0 3. 13 x  io~ W 0.03

8 110 70 5. 84 x ~~ 0 2 . 25 X 10 0

9 210 130 3. S O x  10 ’° 0 1. 2 5 X  10 ’
~~° 0

10 400 260 9 .34 x io~’~~ 0 z .c r n x  io~~ 0
11 750 460 0 0

• 
•

-20~ 
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VII DISCUSSION

• A comparison of the two spectra clearly shows the effective softening

of the x- ray spectrum due to strong K-line emission at 1.5 keV when using

the aluminum converter. There is also a reduction in the aluminum fluence

by a fac to r  of approximately 4 because of the Z dependence of the conversion

efficiency.  Other dominant features are the peak in the cc~ntinuum radiation

for both spectra in the 12 to 20 keV inte rval and the existence of hard x rays

extending to energ ies in the hundreds of kilovolts. As expected , both spectra

decrease similarl y for  energ ies greate r than 80 keV (~ E
1
~ 
5
)~ A s indi cated

• in Fig. 2, significant contribution from the tantalum K-line was not observed.

The spectrum for  the aluminum converte r was found to be similar to

that of an analysis  using foil-PIN diode a r rays .  This initial study identified

the peak in the conti nuum at 20 to 30 keV, which is sli ghtly greater  than

shown he re , and the dependence of the spectra with energy was found to fall

off somewhat f as t e r  (~ E~~~) . However , it is believed that the spectrum

shown in Fig. 3 is the more accura te  of the two because contributions from

fluorescence and Cornpto n scattering were  not included in the PIN diode

analysis.

Effor ts  were  made to est imate the uncer ta in ty  in total x - ray  fluence by

comparing the total fluence measured in this analysis, using the TLDs and

the aluminum c o n v e r te r , with the total flux computed in the PIN diode analysis.

From th i s  compar i son , i t  was concluded that the x-ray pulse must  be 3 to

4 n sec  wide , which is approximately a factor  of 5 less than measured . Thi s

d i sc repancy  resu l t s  f rom a combi nation of several factors .  A facto r of

2 to 3 occurs  because thi s study analyzed an average shot f rom the RFS,

whereas  onl y good shots were  considered in the PIN diode analysis .  Another

• rualor source of error in dete rmining absolute fluence is the uncertainty

of the x - r a y  i n ten s i t y  of the dc x - r a y  tube used to cal ibrate the sys tem.
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C APPENDIX A. DESCRIPTION OF FOIL-TLD DOSIMETER FI XTURE

The fixture that houses the 11 TLD dosimeters is shown in Figs. A- I

and A-Z. A descrip tion of the geometry for one filter -TLD pair is also

shown in Fig. A-2 . The individual TLDs are sandwiched between a 0.0 13 mm

foil of Kap ton and a remov able cover 8ecured with thumb screw s located at

the back plane , except for the channels that hav e minimal filtration. For

these channels , 0.018 mm of beryllium was substituted , and the attenuation

was included in the analysis.

The transmission filters on the front of the package are mounted over

8-mm-diani apertu res in a 1. 3-cm-thick lead plate . The relevant dimensions

were selected such that an 8. 6-mm-diam di sk would be irradiate d at the

detector plane by a point source located 1.4 m from the fixture . This design

ensures that each TLD is unifo rmly irradiated , inasmuch as the TLDs are

3. 2 mm square , and avoids cross-ta lk between adjacent detectors (minimum

TLD spacing is 1. 5 cm , center-to-center).

The f ixture  was designed to minimize contributions from fluorescence

and Compton scattering . An estimated reduction in the fluorescence from the

filters by a factor of 1500 was obtained by the 11. 3 cm separation of the

dosimeters from the filter plane due to the isotropy of the fluorescent radia-

tion. This feature , togethe r with the use of lead , also reduces the effects

of Compton scattering . Despite these precautions , Comptori scattering

introduced a significant error  into the three most highly filtered TLD dosi-

meters. This difficulty was overcome by locating these dosirneters in 
•

three separate 2-cm- thick lead housing s that were placed the same distance

from the x-ray converter as the fixture .
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Fig u r e  A - i .  TLD Dosimeter Fixture
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• Fi gure A-Z.  TLD Dosimeter Fixture with Typical Filter-TLD Pair Shown
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• APPENDIX B . DETERMINATION OF TRANSFER MATRIX

The elements of the t ransfe r matrix A used in the solution of Eq. (5)

we re computed by using the data in Figs . B-i  and B..2 and the equation

A..  ( l _ e ~~~Pt ). T.. ~~~E. (B - I)
13 3 ‘3 3

• where ~~E. is the width of the j th energy  inte rval in keV, and TiJ represents
3 tthe t ransmiss ion of foil i in inte rval j .  The expression (1_ e  ) . is the

• absorption of the TLD dete ctors.

The x- ray absorp tion of the TLD crys ta ls , calculated by using the photo~
electric cross  section and the Klein-Nishina contribution to the energy transfe r
cross  section , is  shown in Fig. B -i  for  photo n energ ies in the range of I to

• 1000 keV. For energies less than 15 keV, the TLDs are totally absorbing .
Photoelectric processes are dominant for energies as great as 150 keV,
whereas absorp tion for ene rgies greate r than 150 keV is dominated by Compton

• scattering .

The x- ray transmission for each of the filters listed in Table I is shown

• in  Fig . B-2 , where each curve is distinguished by the same index designation s
used in Table 1. These t ransmissions were computed by using total cross
sections , which consist  of the photoelectric and the total Klein-Nishina cross
sections. In orde r to avoid discont inu ties , the fi l ters we re selected such that
the useful spectral  range of the mate rial was significantly above the K~ edge.

• The 11 intervals into which the spectral range 1 to 1000 keV was divided are
also shown in Fig . B-2 .  The inte rvals we re selected to be approximately
equally spaced on a logarithmic scale. The average energy assigned to each
interval E~ is shown as a subdivision and is the geometric mean of the

C boundaries of that inte rval. The transmission T. . of a foil 1, in the inte rval
• = ‘3j ,  was calculated by u sing the average ene rgy of that interval E

3
. The coin-

• puted transfe r matrix A is shown in Table B -i .
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THE IVAN A. GETTING LABORATORIES

The Laboratory Operati on. of The A.ro .pace Corporat ion is conducting

experimental and theoretic al invest igations necessa ry for the evaluat ion and

app lication of scienti fi c advance s to new military concepts and systems. V.r-

satility and flexibility have been developed to a high degree by the laboratory
• personnel iii deal ing with the man y problem . encountered in the nati on ’, rapidly

developing space-and mi..ile .yatern.. £xpeyti,s in the latest scientif ic devel-

opments I. vital to the accompl ishment of tasks related to these problems. The
laboratories that cont ribute to this research ar e:

Aero phyaic. J. abo rato ry: Launch and reentry aerodynamics , heat trsns-
• fer , reentry physics , chemical kinetics , structural mechan ics , flight dynamics ,

atmosp heric pollution, and high-power gas lasers.

• Chemistr y and Physics Laborator y: Atmospheric reactions and atmos-
pheric optic., chemical reaction. Un polluted atmosp heres , chemical reaction s
of excited species in rocket plumes, chemical thermodynamic. , plasma and
laser-induced reactions , laser chemistry, propulsion chemistry, space vacuum
and radiati on effects on material. , lubrication and sur face phenomena , photo-

• sensit ive materials and sensor. , high precision laser ranging, and the appli-
cation of physics and chemistry to probl em. of law enforcement and biomedic ine .

Electron ics Research Laboratory: Electromagneti c theory, device. , and
prop agation phenomena, including plasma electromagnet ics; quantum electronic. ,
lasers , and electro-opt ics; communication .ciences. app lied elictron ic. , semi-
conducting, superconducting, and crystal device physics , optical and acoustical
imaging; atmospheric pollution ; millimeter wave and far-infrared technology.

Materials Sciences Laboratory : Development of new materials; metal
matrix composite. and new forms of carbon ; test and evaluation of grap hite
and cerami c. in reentry ; spacecraft mater ial , and electroni c compon.nt s in
nuclear weapons environme nt ; app lication of fracture mechan ic. to stress cor-
rosion and fatigue-induced fractures in structural metals .

Space Sciences Laboratory: Atmospheric and ionospharic physics, radia-
= tion from the atmosphere, density and composition of the atmosphere, aur orae
• and airg iow : magnetospher i c physics , cosmic rays , generation and propagation

of plasma waves in the magnetosphere ; solar physics , •tudie. of solar magnetic
field.; space astronomy. x-ray astronomy ; the effects of nuclear explosions ,
magnetic storms , and solar activity on the earth’ s atmosphere , iono.pher u . and
magneto.p here; the effect, of opt ical , electromagnet ic , and particulate radia -
tions In space on space syatems.

• THE AEROSPAC E CORPORATION
El Segundo, Californi a
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