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I. TINTRODUCTION

This report summarizes a continuing effort to obtain a pulsed
source of x-ray radiation., The portion of the work reported on here
describes the progréss made in diagnostics to measure spectra and
énergy fluence of the radiation field and dévelopment of field emission .
diodes for electron beam géneration. The measured radiation quantitiés
are cdmpared with calculated values obtained with the ELECTREX
program for the same conditions. Needle cathodes were used primarily
as the electron source but recent emitters have been designed using

vacuum-pinch and_parapotential flow considerations.

The 50 msec pulse for the electron gun was obtained with a
41-ohm o4l blumlein coaxial gemerator. Calibration techniques for

voltage probes to measure generator and tube voltage have been developed.

Both ionization chamber and thermoluminescent dosimeters were
used: to measure dogse. X-ray spectra have been examined using

absorption spectrometers employing film and TLD's as detectors of the

transmitted radiation. Techniques have been developed to unfold the

data so as to provide spectral information. The dependence of radiation
on Z was determined by using anodes of titanium, molybdenum, and
tantalum. Effect of tube voltage and current on the resulting radiation
field was examined by measuring the intensity with a photodiode as

a function of time,

II. GENERATOR DESCRIPTION AND VOLTMETER CALIBRATION

A. Generator

The U41.l-ohm folded coaxial blumlein'generator using transformer

oil as the dielectric is described in reference 1. This was the device
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used to supply voltagé for all of the electron gun experiments déécribed

‘here except for some recent experiments using a similar blumlein

gehératdr with water as a dielectric (see reference 2).

A typical intermediate voltage pulse shape is shown in
Fig. la, for an open circuit condition without an electron gun in
place. The upper trace is the signal from the voltmeter at the end of
the intermediate pipe,'whibh in this case represents a peak value of
295 kv, Thé positive portion represents the voltage on the inter~
mediate pipe and the total change at the initial step isrthe'open
circuit or générator_voltage. Ideally the generator voltage deflection
would be twice the inﬁermediate pipe value, but in Fig. la the measured
ratio 1s 1.6. The bottom trace is the voltage on the center pipe
using an L %% loop later replaced by a capacitive voltage probe;
Figure 1b shows the intermediate pipe signal and current for a short

circuit condition.

B. Voltage and Current Measuremént‘

The inﬁermediate and inner or center pipe voltages were each
measured separately with the same type of high-voltage capacitive
probes described in referemce 3. The current was detected by a g% loop
and the integrated signal measured on an oscilloscope. Calibration of
this current loop was made by shorting the inner pipe at the output
and then discharging the line. The resulﬁiﬁg current signal can be
displayed on an.osqilloscope and compared to the calculated value which
is found from the geﬁerator voltage (1.6x intermediate pipe voltage)

and the line resistance of 41.1Q.

Calibration of the capacitive voltage probes was made in
three different'ways; In all cases the probes were calibrated in situ,.

and during calibration of the output voltage probe (from the inmer pipe),
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the electrbn.gun was ‘mounted. in place. The first two methods used

dc and pulse charge.éalibrééion, and the third method employed rf

'techniques,'

The_dc-calibration consisted in charging the pipe whose

associated probe was to be.calibrated,rto about 25-35 kV as measured

by an electrostaticrvbltmeter. The charged pipe was then shorted to

- ground and the resulting voltage pulse gave a coupled signal in the

probe which'was observed on an oscilloscope.

‘ The pulse chargé.technique is similar to the one. just
described and is felt to be superior. It is fully described in
reference 2. In both of these methods the accuracy of calibration

is determined by the electrostatic voltmeter and oscilloscope accuracy,

"and is estimated to be 5-10%.

_ A third method uses an rf calibration technique'in which
the probe attenuation is compared with that of a known pad. A
voltdge, e.g. 10 volts, is supplied to the pipe to be calibrated and

the resulting probe voltage is detected by a sensitive receiver

 (HP 310A wave analyzer). Since the voltage probe is in effect an

attenuator'which has a typical loss of 120-126 db, the loss from a

" calibrated attenuator could be substituted for the probe loss until

the same voltage is detected by the receiver. The line capacitance

of 2.5 nf is balanéed by an inductance of 10ph at frequencies of

1.MHz to facilitate driving the system, This frequency is high

enough not to affect the accuracy of the RC integfator and low enbugh
not to make driving.the high capacity of the line excessiﬁely difficult,

In the calibrations that have been made, the attenuation could be

" resglved down to about 0.01ldb, In this technique it is not necessary

to measure'voltages but only to compare them. In the only comparison
made thus far, the agreement between the dc calibration method and the
rf technique was within 5%. In the use of this method shiélding and

leakage precautioms are obviously important.
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| f:frCf"Pulse-Transtrmer-'7

The voltage supply for the 1ntermed1ate plpe wWas & pulse

: transformer whose prlmary was supplled by two Ayel capa01tors with a .
"itotal capac1tance of 1.14f. The secondary conS1sted of 10 furns
_of RG-19 cable w1th the outer coax removed. 'The EG -1G cable with-
']exposed polyethylene 1nsulatlon was tightly wound on a 28 -inch
'.j hollow cyllnder of wood construction with adjacent turns pressed

.together. A 51ngle lO-lnch wide copper strlp was the prlmary.‘ The' o

'prev1ous operatlng llmlt for this pulse transformer was about 500 kv

- with a measured voltage step—up of 9. 25 Modlflcatlon of the ae31gn

became necessary because of breakdown between adjacent turns on the

'}secondary, after about the elghth turn, when voltages in excess of

500 XV were needed ‘Rather. than use thicker 1nsulatlon with larger

'_‘cable it was dec1ded to use more’ turns of the same RG-l9 cable than

.‘--had prev1ously been used, thereby reducing the voltages between turns._

The max1mum nuMber of turns was determlned by the ratio

2 _ capacitance of storage capacitors {1.1u%)-
.~ ‘capacitance of generator (2.5nf)

.:N was calculated ~ 23,

In Appendlx I the calculatlon procedure is outllned for determ1n1ng

'the voltage step-up ratio for this 25—turn transformer.

©ITI. DIODE_S-BB}EMS'STRAHIUNG SOURCE

‘_A.;fElectron un Geometry

A parallel ‘plane ledE with a tungsten-needle array cathode,

--; descrlbed in, reference 1, has been used for most of the experlments




during the past year with the 4l-ohm generator. Recently; two types

of solid-surfaée non-planar cathodes have been examined. 'Iﬁ'contrast
to the néedie cathoge theée.emplqy a rather smooth surface of.stainless
steel which was sand blasted or plasma-torch-sprayed with tungsten.

One of the éathodes'has an émitting surface in the shape of a

spherical cap; the other emitter has a conical surface (see Fig. 2a).

The cone-shaped cathode has been designated as P-1,

These cathodes have all been used in a tube geometry of the.
type shown in Fig. 2b. Two tubes were used, the first having glass

insulatioﬁ'with'an effective length of 4.5 inches, which was increased

. to 5.75 inches in a second tube. This is the one currently in use.

ThéIOfiginal.tube with the 4.5 inches of glass insulation had many

pitting and crazing marks from sparking during a 50 ns pulse with
‘peak voltages up to 500 kV. Although a corona ring was added

externally to this tube it did not prevent the breakdown completely

In the second tube with the longer glass insulation no evidence of

sparking has been obsérved for peak voltages up to 425 kv,

B. Emission Piétures

- In addition to the current and voltage pulses which were
measured for each discharge the diode performance was further checked

by monitoring the electron emission using a closed circuit television.

_ This procedure is described in detail in reference 1. A parallel

magnetic field produced by an air-core solenoid used with the needle

- ¢athode provided-a path for the electron flux from each emitter.

The resulting radiation emanating from the anode is converted to

visible light with a CaW0, intensifier screen which is placéd'against
the back of the anode, The emission from the intensifier is observed
with. a television camera. It was determimed that any separation between
the anéde and.intensifier-screen'had to be prevented if information

about the source of the radiation was to be accurate. For very thin




anodes, e.g. Sjmil'tﬁiékness, which bowed in the middle because
of_atmosphéric pressure, it was found necessary to use adhesive
and to bond the screen.tp the back of the anode. Emigsion piétures

were also obtained with the new solid-surface cathodes.

C. Molybdenum Anode - Needle Cathode

. .As_descfibed in reference 1 a parallel-plané diode
configuration of needle cathode and molybdenum anode target with a
spacing of 7/84inchrberformed successfully without any evidence of
breakdown for'over_SOOjdischarges, A typical example of the current
andfvoltage pulse isrshown in Figure 17 of the above reference.
This was in contraét to the diode performance when titanium was the
anode material, see Figs. 14 and 15 of reference 1. With the
titanium material there wére many breakdowns aithough the diode
geomefry and spacing were essentially the same as.with molybdenum,
On'the assumption that the reasons given for the bresakdown in the
~aforementioned reference were cofrect,‘i.e. hydrogen ion tramsit
tiﬁe, a very clean hard vacuﬁmlin the 10°° mm Hg range was produced

when the anode was changed from titanium to molybdenum.

After being in use about six months some of the vacuum-tight
comnections to the electron gﬁn were disturbed and apparently a
temporary leak was caused since it was subsequently noted that the
pressure in the vacuum system was in the 10 "mm Hg range. The system
pressufe'was finallyAreduéed to the original 10 ®mm Hg range but it
is mnot kﬁoﬁn to what extent the apparent leak resulted in anode or

cathode contamination.

Subsequent to this incident, breakdown became-appérent, and
after about ten discharges the current and voltage pulses of the type

shown in Fig. 3a were obtained. This was apparently due to contamination




resulting from the leak in the éystem and again indicated the ﬁecessity
for a very clean vacuum for non-breakdown discharges. Besides the
gradually deteriorating tube performance és indicated by the'cﬁrrent
pulse, the observed emission via the closed-circuit television'was.

very weak and came'dnly from the stainless steel focusing collar, an

'ekample of which is shown in Figure 3b. The radiation as measured by

the jon-chanber was approximately 12 mr at two feet from the source or

~about 40% of what .it had been.

~ The needles under microscopic examination did not  show any
marked différenceé'és compared to new needles except that they might
have been a littie blunter. The needles were shérpened and cleaned by
dipping them in a solution of NaOH before being returned to the

electron gun.

The gas pressure increase in the vacuum system was monitored

'-during discharge for this same run with the needle cathode and 0.010-

inch molybdenum anode while the tube was still performing well. By
using a rmss,Spectrometer attached to the vacuum system of the electron
gun.it was found that hydrogen gas was responsible for the pressure
increase during discharge. The identification‘was made on the basis
that the amount of hydrogen present in the system was_incfeased by
250 times dufing discharge and very little relative increase was
measured for any other ion present in the system. The system pressure
increased temporarily from the 107° mm Hg range to lQ'7 mm bﬁt.was
quickly restored in a few minutes as the hydrogen was pumped back

ornto the anode surface.

“D. Tantalum Anode - Needle Cathade

Subsequent to the run with the molybdenum anodé, the electron
gun referred to previously with the longer glass insulation of 5.75

inches between the internally mounted corona rings, was used for the




first time. Other éhanges made duriﬁg this run were: The 0,0iO-inch '
molybdenum énode was répléced with 0.005-inch tantalum and the stainless-
steel focusing collar mounted around the outside of the needle array

was replaced with an otherwise similar anodized Al collar, The cathode-

" anode spacing was about 5/8-inch or about 1/k-inch less than before.

‘The 5-mil tantalum anode was perforated in three places

from electron bombardment after two dozen discharges. Peak voeltages

dﬁring this run were about 312 kV. Minor difficﬁities prevented any

emission pictures from being obtained with the closed circuit

television before the tube failed, but ofher available evidence

_-iﬁdicated that the Aiicollar did not have substanﬁially less emission

than the stainless steel., A Speed Graphic* camera was mounted several
feet from the anode and a few pictures of the emission from the collar

were obtained in this way. WNo emission was observed from the needles

with this method. The solenoid field for the focusing lens, which

was applied during a number of discharges, seemed to reduce the emission

from the collar:

| The vacuum side of the.anqde facing the cathode had a circle
df severelpitting.difectly opﬁosite the collar which-aléo indicated
a high eleétron'f1u§ from this source. The anode showeﬂ a definite
pattern of works, resulting from melting and vaporization of metal,

which éorresponded to the locations of the needles in the cathode

- indicating that the needles were also emitting. Examination of the

collar showed that the anodized insulation was broken through in
several places to the underlying conductor surface, In the pictures,

obtained with the camera, several points of rather intense emission were

~discernible 'in the bright ring of emission from the collar. It seems

clear that the electron flow which caused the anode perforation

emanated from these locations on the collar.

* ‘ : '
Made by Graflex Inc., Rochester, New York.




Another run was made with a new 5-mil tantalun anode and

the stainless Stéel-collar was. put back on. Ekamples of current and

ﬁoltage bulses are shown in Fig. h'. The tube was still operatlng

in a satlsfactory manner after 28 dlscharges at peak voltages up to

925‘kV,_when the pulse transformer had a high voltage breakdown.

E; Dome~-Shaped Cathode

The fifSE of the solid surface cathodes‘was'insfalled in
the'tube'whilelthe'transformer was being repaired, A pinture of this
cathode is shown in the right-hand side of Fig. 2a, ‘The shape of
thé emission surface of this cathode was a sphefical segment, referred
to as a "dome-shapedf cathode, with a maximum ﬁeight of 1/8 inch,

The minimum spacing between the 5-mil tantalum anode and the cathode

‘was 0.466 inches. Voltage and current values were low with the

' diode, peak values of 312 kV, 3.7 kA were obtained (r=8%.4 ohms) and

were different shape from those obtained with the needle cathode,

.Examples are shown in Fig. 5a as well as cathode emission in Fig. 5b

via closed circuit television. The performance of the tube during

this run was erratlc and although it seemed to improve as evidenced

by the voltage pulse becomlng more trape201da1 in shape, the radlatlon

output kept decreas;ng as determined by the ion chamber measurements .,

‘After 39 discharges the cathode-anode spacing was changed to 0.215 inches.

A picture of the 5-mil tantalum anode removed from the tube
when the spacing was changed is shown in Fig. 6. The surface shown
is the one facing the cathode and the distinct ring of melting and

vaporization has the diameter of a circle on the cathode face which was

about 2 mm less than the cathode in radius.

The new diode spacing of 0.215 inches seemed to increase the

tube resistance. For the first 20ns the voltage represented essentially

_an open circuit condition and had a peak value of 190 kV. When the
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";current value was about 1.kA the resistance ‘had dropped to'abont

140 ohms, and at A peak current of 2 kA the re51stance had dropped to
about 40 ohms.,' '

F.. CohiéalJShape&_Cathode

The flrst of a series of - solid surface cathodes (de31gnated

. as P- 1) employlng the concept of parapotentlal flow was next evaluated.

It is shown in the center of Fig. 2a and discussed in detall in

. .reference h, .(See_also Flg..h of this reference). Separatlon of the

cone tip fromﬂthe:anode was 0.250 inches. Initially the anode was
5-mils tantalum;'whiCh'was punctured in two or three'diecherges'by the"
electron-beam. Voltage was low, and for peak values of 10L kV the

peak current was T.T_kA The resistance was changlng durlng the pulse .

: Being about‘25_0hms_at the time of peak voltage. (See Fig. 7a.) A

15-mil titanium anode with the-sgme cathode-anode separation gave a

value 21.2 olms of the time of peak current (16.3 kA). (See Fig. 7b)
Peek VoltagefwaSﬂabOut L84 kv,loccurring ahead of".the peak current.

‘The anode was punctured after six discharges. A third type of anode,

0,125 aluminum, replaced the titanium and on the third discharge the

.diode behavedres'alnearly constant impedance device of‘8.l ohms and

nmaXimum current of 12.3 kA. (See Fig. Tc.)

Prellmlnary results were obtained w1th the - second of these R
vacuum-plnch dlodes (P 2) u31ng the new T-cohm generator w1th water.

dielectric. This was the first time that an electron gun was used

' onethe new generator;.'A_drawing of this diode is given in Fig. io'of

reference L. Cethode tip-anode spacing is- 0.125 inches for this.

‘version of the P-2 diode. The water switch on the intermediaté pipe - .

"was only partially opene@ in these first discharges so that the

10
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generator was 1iot performlng at full potential.  Under this

condltlon tube voltage was 370 kV maximum, with a peak current of

23 kA._ The dlode re51stance at peak current was 12.3 ohm.' (See__
F{g; 8) It should_be ‘remembered in all the pictures of current and
voltage that the output voltage probe detects the voltagé puise before
it reaches tﬁe eleétron gun and charge begins to_fléw. To compare
current and voltage at the same time for such calculations as tube

resistance the voltage trace should be moved to the right to correct

for this time lapse. ‘In Figs. 7 and & this correction is about 2 nsec.

'IV. RADIATION DTAGNOSTICS

An evaluation was made during the past year 6f the necessary
téchniques aﬁd data analysis needed to measure the ra&iation dose and
épectrum of bremsstrahlung energy from a pulsed x-ray source. This
has been acdomplished by evaluating ion chamber design, photodiodes,
photographic film, and thermoluminescent dosimeters (TLD), which are

desé:ibed in the foliowing.

A, Radiatibn_Dpse

Radiation dose measurements with ion chambers was improved
during the year by comstructing a 20 X 20 inch cylinder with Al walls
0.125 inches thick. It was_évacuated and baked out and then filled

with neon gas to 1 atmosphere pressure. The neon gas used at this time

had 1% methyl formate impurity. The use of a non-electron-attaching

gas would avoid recombination of ions and be an improvement of the two

air chambers previously used, see reference 1. The collector plate was

centrally located with a 1500 volt potential. The uncorrected
calibration constant for this chamber is 17 joules/cm2 coulomb.
An RC integrated current was measured with an oscilloscope across a

10-megohm viewing resistor.

11




To check the accuracy of the calculated calibration constant
and provide a second independent measurement of radiation dose a method
utlllzlng thermolumlnescent d051meters (TLD} was devised. The dosimeter

bulbs were mounted in cy11ndr1ca1 cases which are called filters. In

: typlcal run four dlfferent TLD filter combinations were mounted two

feet from the source, exposed to a pulse of radiatiom, and then removed.

. This procedure was'repeated four times and an average value obtained for

each dosimeter-filter combination. The generator was charged to
approximately the same voltage each time and has been very repeatable

in its pulse dutput so that nearly the same radiation field was

- produced for each discharge. The current and voltage to the diode

. and the ion chamber signal were measured for each pulse.

CaF; and LiF were the thermoluminescent materials that were

used in the glass bulb dosimeters.- Each of the two materials was

used with and w1thout shleldlng, which gave a total of four measurements

of the radlatlon field. These uncorrected dosimeter readings are all
dlfferent even though they are exposed to the same radiation flux, and
have to be corrected by using the response curve for each dosimeter-
shielded comblnatlon ‘in conjunction with the . energy Spectrum of the
radiation field. Ideally, of course, when the four values are so
corrected they wili yield the same dose since they are exposed to the
same'fqdiation:field. This was the criterion used in the calculation
procedure outlined in Appendix II and diécussed in reference 5. These

computation.steps,havé been written into a short computer program

_cailed "Confluence" .

The radiation energy as measured by both the ion chamber
and the TLD's was compared for titanium, molybdenum; and tantalum
converter anodes and is summarlzed in Table I. The flux produced
by the 15-m11 t1tan1um with peak electronenergy values of 480 kv

was measured with an ion chamber filled with air at 1 atmosphere
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.pressure:and.CaFé dosimeters. The dose measured by the chamber was
about one-half of that . determlned by ‘the dos1meters. A 51m11ar
comparlson was made u31ng a 10-m11 molybdenum converter w1th electrons
hav1ng a peak energy of 450 kV - The radiation energy was measured
by the rew neon lonlzatlon chamber and CaFy and LiF dos1meters. The
d031meter values were corrected in the manner referred to above and
the agreement among the dosimeters and the neon chamber was very good.
In a more recent comparison 7(508 , a 5-mil tantalum anode was used
and about 2-1/2 tlmes less radiation was 1nd1cated by the ion chamber
as compared to the d031meter value. It is probable that the oxygen
content of the neon gas increased since it was put into the chamber .
The effect of impurltles ‘has been examined by measuring the same
~dose with two identical chambers, one filled with 99.998% pure
neon gas at. 4 psig and the original chamber refilled with the less
pure neon gas contalning 1% methyl formate, also to 4 ps1g An
example of the measured signals from each chamber is shown in Fig. 9,
which shows that each gas has about the same signal rise time, but
the dose measured by the less pure neon is about 15- ~30% less than the
dose using the very pure neon gas., 8See also number 615 and number 7
in Tabie"I for-the actual dose values. These results show that the
radiation measured by the ion chamber is very sensitive to the
purity of the neon gas. The neon used prior to refilling produced a
long rise time Snggestive of the presenee of electron-attaching

impurities.-

In Table I the large dlfference in the dose medasured by the
CTLD's and ion chamber as given by 7(508) will be resolved by further
calibration, The low efficiency for the P-2 cathode determlned by

.-No. 7 w111 have to be re-examined by obtalnlng add1t10na1 data.

'B. Photon Spectra

Techniques in the measurement of continuous_photon spectra

have received additional evaluation during this year by using both
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. :d-photographicrfilm_and-thermoluminescent dosimeters as the radiation
. (e/} L ."f'.ﬂdetectors in absorption spectrometers. A description of the film
e ' ' spectrometer and the. calculatlon procedure used to invert the

e S ,' "absorptlon matrlx and yield an energy spectra is given 1n reference 6,

_ 7- The least square procedure cutlined in Appendlx ITI of the
'iabove reference for comparlng a calculated intensity %o the measured
:.1ntens1ty based on assumlng an initial energy spectrum, has received

'c;addltlonal reflnements. A new absorption coefflclent matrlx was
"obtalned 1n whlch an average value over 50 keV 1ncrements was obtalined

" -by 1ntegratlon.‘ Thls proved to be more accurate than the previous

'3:mean average that was ‘used. Another improvement was to use better

';;fvalues for the coeff1c1ents which were obtalned from McMasters data.

_ In addltlon to these- improvements, different types of £ilm
dihwere eXPOsed to the radiation transmitted through Cu or Pb filters.
‘of the absorptlon spectrometer, and the energy spectrum obtalned with
e ri '.’f_5"_each type of film were compared For this compariscn the radlatlon
e R | was- approx1mate1y‘the same in all cases, originating from a molybdenum
;f: E .'”":"-:converter anode 0, OlO inches thick, with the spectrometer located
R | o "two feet: from the source. Although there was some varlatlon in peak
acceleratlng voltages it was expected that by exposing each film
a- number of tlmes, ‘an average sample of radlatlon would be seen by
- : the' £i1m, Agfa Isopan Record and Kodak 2475 recording £ilm were used
| . in ‘addition to the Kodak Trix-X £ilm. These three types cover a wide
"range in flhn speed

The film was developed accordlng to manufacturer 8 1nstructlons

and the relatlve 1ntens1ty for each Cu and Pb filter was measured
u31ng a Joyce Iobel densitometer. The recorder displacement for each
' fllter was compared to the displacement representing maximum transmitted

ST ;_'__i . llght 1nten51ty and the logarlthm of the ratio was normalized with

14




respect to the Al filter. This constituted the experimentally
measured intensity and by u31ng this in congunctlon with the least

square procedure an energy spectrum was derived.

The energy spectra obtained with molybdenum converter

E were in qualltatlve agreement for the different types of film. The

variation was confined primarily to the lowest energy interval

considered i.e, 5Q.keV and for higher energies the quantitative-

agreement was rather good. The agreement was best when the second

'or third 1terat10n was used, after which the individual values

started_to=vary widely. This is due to ervor in the measured
intensities-and to degeneracy in the absorption matrix. Tybical

results for the three films are shown in Fig. 10.

A modification of this technique consists in replacing
the film by thermoluminescent dosimeters (TLD) as detectors of the

filtered radiation. This TID spectrometer is a four-inch square

3box,-partitioned into twelve compartments where the TLD bulbs could

‘be placed. The front of the box facing the radiation was formed

by fllters of identical thickness to those used in the film

spectrometer, see Flg. 1lla.

Two runs have been made with this spectrometer using LiF
as the flurcescent material., As shown in Fig. 21 (Appendix II) the
response curve for IiF is not flat but as a first approximation it

was assumed to be. The ratio of the filtered to the unfiltered

~dosimeter readings were formed and these normalized values were used -

as the measured spectra in the least squares calculation procedure
previously referred to. Two spectra have been measured in this way,
one for.0.010-inch molybdemum and the other for 0.005-inch tantalum.

The derived spectrum for molybdenum (see Fig. 12) is in reasonsbly
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good agreehent_with'the film results shown in Fig. 10. No

spectra were obtained with the film spectrometer for tantalum.

Another method of deriving the spectra from these
TLD spectrometer measurements is to extend the calculation procedure
outllned‘ln Appendix II. This procedure was originally derived for
obtaining.radiatiOn dose from dosimeter measuremeénts as described in
Part A of this section and is useful only if one has reasonable
knowledge of the spectrum initially. Since the same type of data is

available when the dosimeters are exposed to the filtered

 radiation in the spectrometer it is only necessary to add additional

response curves for the new filter and bulbp comblnatlons in order

to use the same calculation procedure.

From 1n1t1a1 results w1th the box-type TLD spectrometer

(see Fig. lla) it was suspected that radiation from filters adjacent

_ to a partlcular compartment could reach the dosimeter bulb This is’

now avoided by use of another spectrometer de31gn where each fllter

is a hollow cyllnder in which the dosimeter is placed and whose wall

thickness corresponds to the earlier flat filter thickness, see

.Fig. 11b. In this way the bulbs are only exposed to radiation

filtered through the same thickness of either lead or copper. The

doae'and spectra obtained with the box~-type TLD spectrometer is

' compared With calculated values in Section V.

C. Unattenvated Kramers Spectra

A method was developed for obtaining a spectrum for_the
range of electron energies in a pulse by use of Kramers's Rule to

provide an approximate spectrum neglecting target absorptionm.

‘This -spectrum takes account of the decay in electron emergy in the-
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target. The oscilloscope pulse shapes of current and voltage are
measu:eduat'the‘same instant of time during the 50 nanosecond pulse.

Typically the interﬁal is divided into 10 increments, This'step

_ceh be facilitated with an x~y plotter by making negatives of the

' polar01d prlnts and using a photomu1t1p11er readout: device to plot
-, eurrent and voltage curves perm1tt1ng the amplitudes to be read
'directly._-stnce the current is proportional to beam inten51ty, and

evoltage'to energy., e family of straight lines are plotted assuming a

Kramers spectrum. Each pair of current and voltage values‘represent

a line whose slope is determined by the current, and the 1ntercept

'value on the abscisss is given by the magnitude of the voltage. The

‘famlly of lines generated in this manner intersected with one another

and the ordinate Values of the intersection poxnts were summed at the

same voltage and plotted as spectra. The plotting and Summation

. were facllltated with a short computer program. An example of the-

final unattenuated, concave shaped spectra generated in this way

with energy values between O and 500 keV is shown in Fig. 13.

~ By using this unattenuated.energy spectrum in conjunction
with measured TLD values and the1r response functions, a photon energy
Spectrum was produced by taking into account the radlatlon absorption .
in the_target. This procedure is discussed in reference 5 and outlined -

in Appeﬁdix I1. Examples of spectra generated by this method are

- given in Figs. 16-18,

D. Photodiode

‘The time-dependence of the radiation on the current and

_ }voltage to the x-ray tube was determlned with a photodicde, whose

response is dlrectly proportional to the radiation intensity, A

.h;ghrcurrent biplanar phototube was placed in a copper cylinder

- . 7 _ _ .
The Fw-llh diode was obtained from the ITT Industrial Laboratories.
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along with a scintillator and covered with a thin Al windoﬁ to

prevent any visible light from entering. The scintillator waé_a
one-inch-thick cylinder of pilot B which was placed directly
against the glass face of the diode with a thin layer of greasé.
The anode screen was connected to a 2000-volt supply through a
1000-1 isolation resistor and a C.002uf capacitor to ground. A
helical membrane shielded cable connected the cathode tolthe
oscilloscope for measuring the voltage signal from the collector

plate.

A relationship between the current and voltage and

photodiode signals as shown by the following proportionality

(photodiode),  (iv®),

(photodiode)s  (iV9)L

was found to be approximately correct, A numerical example of this

relatibnship is given by

2k upits  3(2%) units

T o -
8 units ~ B(1°) units.

The subscripts 1 and 2 refer to the times corresponding to peak voltage

({t1) and peak current.(tz).

The quantity iV® can be interpreted as the product of the
power into the electron beam or iV, multiplied by the conversion
efficiency given as ~ V¥, This dependence is valid for intermediate Z
targets at primary electron energies of ~ 400 keV, and takes account
of photoelectric absorption. Then fhe product of beam power x efficiency

is given as ive.
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E. Other Diagnostics

In addition to the previously discussed diagnostics it
had been planned to measure the temperature rise in the anode
converter by monitoring a thermocouple response and to relate

this to the incident beam energy and energy in the radiation field.

A chromel-alumel thermocouple was soldered to the back of the

. anode, but due to electrical noise it proved to be unsatisfactory.

Further efforts were postponed and a calorimeter was designed and
built to determine the energy profile of the electron beam by
measuring the temperature rise of carbon blocks with thermocduples
imbedded in them, see Fig. lha. This calorimeter will be positioned
inside a partially .evacuated drift tube which has been designed to
fit the end of the electron gun used with the 7-ohm generator, see
Fig. 14b.  The 7-ohﬁ.generator has recently been completed and is
deécribedlin reference 2., A high-current (upwards of 70 kA) beam -
should be available with this generator and the drift tube and

calorimeter experiments will begin in the near future.

V. COMPARISON OF THEQRY AND EXPERIMENT

Photon spectrum and dose as determined by theory and experiment
are compared for thrée anode.converters'of different Z, which are
15-mil titanium, 10-mil molybdenum, and 5-mil tantalum. The current
and voltage, ionization chamber, and TLD measurements were obtained
in each case so that a detailed comparison is possible, The
theoretical results are those determined with the ELECTREX computer
program. Initial description of this code was given in reference 1,
and will be fully described in a forthcoming report. Continual
improvements are being made such as incorporating the most recent
absorption cross section data, increasing the energy range of

applicability, and modifying the program input to accept an actual
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priﬁary electron enefgy spectrum instead of a single primary electron
energy. This last improvement will allow a very close comparison to
be made with experimentation since the simultaneous measﬁrement of
current and voltagé permit the actual beamrenergy-spectrum to be used

in the calculation.

The experimental spectra in the following comparison have
all been determined by means of TLD measurements which were corrected

by the procedure described in Appendix II using program "Confluence" .

The ELECTREX results were determined for actual primary
electron energy spectra which were calculated by a subroutine called
SPECTOR from the measured current and voltage values determined by
the oscilloscope traces. The three electron beam spectra are shown in

Fig. 15 a,b,c for the actual runs being considered 1(L45), 4(256),

'7(508) which are for the titanium, moiybdenum, and tantalum converters

respectively.

The spectra for titanium, molybdenum, and tantalum are
shown in Figs. 16-18., Agreement at the low energy end and at the

peak values is good in all cases, although at the higher energy the

~spectra determined experimentally are shifted to the right of the

calculated curve,'indicating that-more energetic photons appear to be

present than there are calculated to be. The spectral shapes given

by the results are really determined by the initial Kramers spectrum

and the theoretical-absorption_figures, so that the soft-end agreement
with ELECTREX is not surprising. The TLD 6utputs are in fact not
exceediﬁgly sensitive to spectral shape. In view of the many
uncertainties in the experimental spectrum measufements, it is presently
felt that, if the primary electron spectrum is known, the code '
furnishes the best cobtainable information concerning spectrum and

efficiency. The hard-end agreement is in fact better between the direct
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TLD'aBsorption measurements (Figs. 10 and i2) and the code than

what the Kramers spectrum provides.-

Comparison of measured and calculated dose requires a

-~ known vélue of electron beam energy since the quantity detérmined
in the ELECTREX programuis the conversion effiéiency of electréns
to photoné. Sinﬁe the instantaneous current and.voltage are known,
the beam energy is.readily determined by graphically representing
the beam power as a function of time and integrating.' The
~graphical integration for the titanium, molybdenum, and tantalum
converters, géve values of 100, 60, and 90 joules, fespectively._
The run numbers of 1(45), 4(256), and 7(508) which are used here
are also referred to iﬁ Table I which gives the dose values at

two feet from the,éource. If the radiation is assumed isotropic
‘within a hemisphere a two-foot radius (A=23, 400 em®) then the
total radiation_énergy can be found and compared to the beam energy,
permitting an efficiency to be determined which can then bg.
compared to the value calculated by the ELECTREX program. These
results are shown in Table TI where the TLD dose values

preViOuslj'given in Table I are used in this comparison.

The values of thickness used in the different
‘converters are not meant to be optimum thicknesses from the point.
.of conversion efficiency. They were selected as a good thickness
" to bégin with, ﬁhich could be refined at a later time. A separate
routine in the EIECTREX program does calculate the optimum

thickness but no work has been dome on this experimentally.

_ Thé_calculated efficiency as a function of converter
thickness is shown in Figs. 19 and 20 for titanium, molybdenum,
tantalum, and uranium. These wvalues were provided by a subroutine

of the ELECTREX program and are for monochromatic electrons of
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:500 kéV”énergy; The efficieﬁcy values_shpwn by thesé p1ots are
‘higher than fhdse given in Table II, for these same converter

materials, since those were for the actual electron spectra used.

_ It is planned to make a.similar comparison to that shown
in Table II for_the case of uranium converter materiél'using_the '
P-2 diode and the 7-ohm generator.. Delays in obtaining the

depleted,u:anium discs have made it'impossible to include this here.
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APPENDIX I

- .. - Calculation of Voltage Step-Up Ratio
.+ for a Pulse Transformer

. The circuit for the 25-turn pﬁlse'trahsformer, which provided

‘the voifage for the.hL—Q 0oil blumiein, can be represented as

Ll . ' : LB .
i B
//—“‘?\‘\ - l
Iy - e o A 1z
S , BN
G N s Ce

s'.

=
B 1]

o
el

ey

1t

Axel capacitor storage = 1.1 x 1076
Cs =.Blum1ein capacitance = 2.5 x 1079f -
L, = Sﬁitch_inductancg = 0.081:x.10'6h
Ly = Generator inductance = 0.0428 x 107%h
L, = Sééondé;y inductance = Fn®d {p. 55 and 54 Terman4)
Lp f'P:imary inductancg = (p. 53 and 54 Terman®).

The derivétion is easiest in terms of reduced coupling coefficient

k=R L =L+, L =1 +1,

‘Radio Engineers Handbook - Terman
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where

K = —2— (Pg. 71 Terman).
Vi L
p s

Then Vl = leil + Zlgig ) )
Vo = 21014 + 25p1p .and the normal mode frequencies are bound

to be

wf 5 = —1 r(m 24+ w 2) + ,J (w - 2}2 + hk'ew 2w 2J
’ 2{1-k’'8) = P

where

2 1 = 1
CoLg P

The voltage steﬁ-up ratio %& is found to be
, . 1

. Yy . ‘ | _ . -
1.t re 1 2 _ 242 2 2. 2 o
= ch ,\/Lp ]..S | J (ws u)p )+ bk ® mp (cos wyt - cos upt)

where V, is the d.c. voltage on C, and V; is the voltage across

Cs as a function of time,

" Tn calculating L and L the value for F was determined by
diameter ' P

~ the ratio ————=EL of primary or secondary and Table 12 in Terman.

length

. The values used were

d_ = 28.36" 4 = 28.63"
T, -80.87 " N ams 7 T e

oh




Q‘\ : As mentioned in Section I, va = 16.20 by this calculation and was
» : : 1 T ‘
measured to be 9,25, The ratio of the pericds EL for the pormal
. : 2 ‘ .
frequencies w;,; was calculated to be 3.41 and was in good agreement

with the experimental value.




k) e . APPENDIX 1II

"Calculation Procedure for Determining Radiation Dose
. ' - . and Spectra from TLD Exposures

This is an outline of the procedure shown in greater detail in
reference 5, The first step is to correct an unattenuatéd Kramers’
spectra for absprption in the tafget. As a beginning dny spectrum
could be used. The unattenuated Kramers spectrum was described
previously in Section IV and was obtained with simultaneous current
and voltége pulses from a family of Kramers-type curves assuming
that at any instant a straight line spectrum is being generéted.
‘The correction factor is provided by compufing %; = e"uX/p for
various energy va lues (s a function of energy) at a given thickness
of converter. The product of this correction factor and the computed
unattenuated speétrum for different energies is the attenuated
energy spectrum. Different thicknesses of converter are chosen
. : ~ which are some fraction of the total thickness. It is assumed that
the conversion all occurs at the thickness chosen and that the
radiation is then filtered by the remaining converter thickness.
For example, if it is assumed as a first approximation that the
radiation is generated at 0.5 of the anode thickness the remaining

0.5 thickness would attenuate the radiation.

‘The second step is to use this approximate attenuated spectrum
and dosimeter response curves to calculate a “weighting” function
correction to be applied to the uncorrected dosimeter readings. _
This is necessary since both the response curves and the radiation
field are energy depéndent. Examples of the response curves are
shown in Fig. 21. WMultiply each dosimeter responmse function by the
attenﬁated spectrum and integrate the product from 30 to 500 keV.

In multiplying, an average value of each quantity over an interval
of energy is chosen, say 50 keV intervals. Integrate the area under

the attenuated spectra and divide this into the previous result.
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.~ The number obtained_is_the correction factor for that particﬁlar

dosimeter and'shield combination. For the example being considered
here there were four response functions, one for each of the four
dosimeter and shield combinations used,a calcium fluoride bulb

and a lithium fluoride bulb with and without shields.

The next step is to correct the actual TLD treading for each
dosimeter and filter by dividing it by the above correction factor,
and obtain the x-ray emergy fluence in ergs/cme. An average fiuence
value can then be_obtained for the corrected 'dosimeter readings and.
the standard deViation obtained for these readihgs. Ideally, this

corrected dosimeter reading would be the same for each d051meter since

they are each measurlng the same radiation field and if properly

corrected must give the same result, The fact that they don't

measure the same radiation value means that the attenuated spectra

needs additional refinement.

The above. steps are repeated for other choices of.target
thicknesses e.g. 0.3, 0.4, 0.6, 0.7 of the distance from the exit
fact. The standard deviation is plotted as a function of target
thickness and a minimum value obtained. The converter thickness

a33001ated with the minimum . standard deviation is used to calculate

an attenuated spectrum and dose by repeating the steps oUtlined above.

A program called "Confluence" is used to do these calculat1ons for

a given unattenuated spectrum d051meter readings and response

functions.

The "TLD Spectrometer" described in Section IV is just a
generalization of the foregoing, from the case of four dosimeter
response curves to a half-dozen or more. Lithium fluoride is the
material used in allrrhe dosimeters and it is expected that spectra
obtained in this way will have a higher resolution than that obtained

by just using four response curves.
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TABLE T

EXPERIMENTAL DOSE MEASUREMENTS

'Soﬁrce-~-15-mil Ti (Needle Cathode)

1{46)
TLD

‘Type exgs/en® - . Ion Chamber
(U)caFg  80.0 - | __ .~ Gas - Air
(s)caFz ~ 81.1 o Presshre - 1 atmosphere

Avg 80.5 + 1% S.D. : Energy - ~ 37 ergs/ent
Source =~ 10-mil Mo (Needle Cathode)
4.(256)
TLD : ' o _

Type ergs /ent ‘ Ion Chamber
(U)ca¥, 86.9 ' - ' Gas - Neon |
‘(S)CaFE 75.8 ' o Pressure - 1 atmosphere
(U)LiF ~ = 90.1 ' : ' . ' Energy - 97.5 ergs/cnﬁ-
(S)LiF 96.6 | ' -

Avg ~  86.85 : 9.39%
Source.f 10-mil Mo (Needle Cathode)
| 54 (4O
“TLD : 7 . _

Type = - ergs/ent - ' © Ion Chamber

Spectrometer: = 133 ergs/enf x 13.4% ' Gas - Neon

Pressure -~ 1 atmosphere

Energy - 41.h ergs/en®




TABLE 1 (Continued)

Source - 5-mil Ta (Needle Cathode)

7(508)

TLD
Type’ ergslcﬁ?- o _ o - Ion Chamber
(U)caF, 563 R o Gas - Neon
(s)caF; 554 _ - _ Pressure - 1 atmosphere
(U)LiF 627 _ ' "‘ ' Energy - 239 ergs/cmt
(S)LiF 581 : '
Avg 581 + 5.6% S.D.
Source - 5-mil Ta (Neédle Cathode)
7A( 508!
.TLD
Type ergs/cof > ' ' Ion Chamber
Spectrometer: 650 érgs/cm? + 15% S,D;- | Gas - Neon

Pressure - 1 atmosphere

. o : ' Energy ~ 239 ergs/cn®.
Remarks: Impurity content of gas in ionization chamber may have increased.

. Source - 15-mil Ti (P-1 Cathode)

615
TLD

nge ergslcm? B o _ Ion Chaﬁbef

(None Wa§ used) Gas - Neon

Pressure - 4 psig

Energy - (ergs/co’®) 90? 106b

‘Remarks: New gas in both chambers: (a) neon gas impurity 1% methyl formate

(b} 99.998% pure neon gas




| TABLE I (Continued)

'Source - 5-mil Ta (P-2 Cathode) -
(7)

 Type - ergs/cnt | . " ' Ion Chanmber
‘ . : 7 S , . L
(None was used) : _ o Gas - Neon

Pressure - 4 psig _
Energy - (ergs/ent 592 85b

Remarké;. New gas in both chambers {a) neon gas impurity 1% methyl formate
(b 99.998% pure neon gas

In Table I the TLD and Ion Chamber values are both given at two-feet from
the source. (U) - Unshielded dosimeter, (S) - Shielded dosimeter.




":Ruﬁ No. .:Cohﬁéftér-_ TLD Dose_ Total Rédiation, Beam Energy Efficiency 'Célc3 Effi.'

Ca(bs) 1semils Ti 805 088 . 90 0.2k

7(508)  5-mils Ta  58l.0  © 136 - 100 1.36%

:-TABLE IT-

CALGULATED AND MEASURED RADIATION DOSE

ergs/cm . Energy-Joules ~ Joules . % ELECTREX 7 -

u(256)\f‘-1o#mils;mb" 87.0 020k 60 0.k

0.25
0,25
ok

The values shown for experlmental eff1c1ency are est].mated to be +25%. "As
digcussed in the text, the experz.mental methods are being mvestlgated further ‘in
' order to obtain more precise informatiom that will be more nearly in agreement.




Figure la -~ Open circuit condition. Top
trace - intermediate pipe 295 kV. Lower
trace - center pipe voltage.

Figure 1b - Short circuit condition. Top
trace - intermediate pipe voltage. Lower

trace - current.
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Figure 2a - I.eft, original 50-needle cathode
with stainless steel collar., Center, new
cone-shaped cathode (P-1)., Right, dome-
shaped cathode (prior to sand-blasting).
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Figure 2b - Electron gun used with the
cathodes shown in Figure 2a




Figure 3a - Current (10,6 kA max) and volt-
age (550 kV max) after presumed contamina-
tion of Mo anode and needle cathode

Figufe 3b - Typical picture of emission after
presumed diode contamination




Figure 4 -~ Current (top trace) and voltage
for needle cathode and tantalum anode.
Spacing 5/8 inch. i(max) = 5.1 kA. v{max)

= 312 kV.




\‘k/":

Figure 5a - Current (upper trace) and voltage
with "dome-shaped! cathode and tantalum an-
ode, Spacing 0.466 inches. i{max) = 3.7 kA,
vimax) = 312 kV,

Figure 5b - Emission from ""dome-shaped"
cathode
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Figure 6 - Photograph of 5-mil tantalum
anode used with dome cathode. Minimum
separation = 0.466 inches.




Figure T7a - Current and voltage Figure 7b - P-1 diode with 15-mil
forP-1 diode with 5-mil tantalum titanium
converter

Figure 7c - P-1 diode with 0.125
inch aluminum




L

Figure 8 - Current and voltage with P-2
diode and 5-mil tantalum i =23KA, v

= 370 kV




- Figure 9 - Signals from identical ionization

chambers filled with neon gas to 4 psig and

exposed to the same radiation flux. Upper

trace - chamber containing very pure gas,.
Lower trace - chamber containing 1% methyl

‘formate impurity in neon.
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RELATIVE SPECTRAL INTENSITY
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Figure 10 - Comparlson of spectra determined from an absorption spectrometer
using three types of film as detectors.
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RELATIVE SPECTRAL INTENSITY
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Figure 12 - Comparison of spectra determined from an absorption spectrometer
using film and TLD’s as detectors.
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Figure 13 - Unattenuated Kramers spectra for Ti-1 (45), Mo-4 (258), Ta-7 (508)
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FRACTION OF INCIDENT ELECTRONS PER

10 KEV INCREMENT AT INDICATED ENERGY
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Figure 15a - Primary electron spectrum for Discharge 1 (45) - Titanium anode
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Figure 15b - Primary electron spectrum for Discharge 4 (256) - Molybdenum anode
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Figure 15¢ - Primary electron spectrum for Discharge 7 (508) - Tantalum anode
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Figure 16 - Comparison of photon Spectrum calculated by ELECTREX code and
determined from TLD absorption spectrometer for Titanium anode
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RELATIVE SPECTRAL INTENSITY
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Figure 17 - Comparison of photon spectrum calculated by ELECTREX code and
determined from TLD absorption spectrometer for Molybdenum ancde
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RELATIVE SPECTRAL INTENSITY
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Figure 18 -~ Comparison of photon spectrum calculated by ELECTREX code and
determined from TLD absorption spectrometer for Tantalum
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RESPONSE PER UNIT ENERGY-FLUENCE,

RELATIVE TO THAT AT 1250 KEV

100

p DT

=

[ II|I|I|

O

[

0.1

—— CafFs

LiF

SHIELDED

\LiF, SHIELDED

flllll, l !Iilflil

NORMALIZED
_-T0 100

10!

Figure

102

103

X=RAY ENERGY (KEV)

21 - Response of CaF_ and LiF dosimeters to photons over the energy

range of 30 Kev to 1250 Kev




