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PREFACE

d. J. GOMBERG

Reasonably definitive and quantitative results from a new ajzproaca
to the question: "What is the effect of iomizing radiation on matter?
are now beginning to emerge. This new approach involves study otf
effects produced by radiatiom from adjustable monochromatic sources.
In general x-radiation effects have been observed to vary slowly as a
function of radiation energy. However, little work has been done in
the region of x-ray energies below twenty kilovolts, a region of con-
siderable importance since it contains the K-edge absorption energies
of the constituent atoms of most living systems. X-radiation of such
energies is produced from incident radiation of much higher emergies
(as Cobalt-60 gamma, 250 Kv x-rays) by degradation through Compton -
scatter.

1t was felt important, therefore, to study x-radiation effects in
the 5-20 Kv energy range upon biclogical systems, which are composed
primarily of light elements with but traces of medium atomic weight
elements. As a first system for study, the enzyme catalase, contain-
ing four atoms of irom in its porphyrin ring structure, was chosen and
the question asked: Does rvadiation absorbed by the iron atom produce
more damage (inactivation) per-electron volt absorbed than radiation
absorbed only by the light elements (carbon, hydrogen, oxygzen, etc.),
which make up the bulk of the cetalase molecule? Experiments were
designed to show or disprove the presence of a true action spectrum
of radiation damage in the kilovolt region. The presence of such a
spectrum indicates unique effects of such radiation, entirely divorced

from the general "indirect" effects of radiation (which may be simulated

chemically).




==

A group at the University of Micaijgaa, under the directioe of
Jr, Heary Gomberg, has been Loo<ifiy incs thls problem for some cime.

Two separate studies have been carried out by this group on the enzyme
catalase. One was done by Dr. Ardath H. Emmons and another by Mr. Peter
Paraskevoudakis. Both demonstrate that 100 electron volts absorbed at
photon energies just beyond the K-absorptionm edge of iron produce
substantially more damage than 100 electron volts at energies below

the iron K-edge. ©Damage was me;sured as reduction of the ability of
catalase to react with hydrogen peroxide,

On the other hand, tests made by Dr. William Clendenning in the
same group on the free radical yield in l-bromo-butane, as determined
by reaction with DPPH, showed no umique response as a function of
energy. Likewise, studies made by Dr. Marvin Atkins on damage through
irradiation at the "L'-edge of certain mercury organo-metallic compounds
yielded negative results.

Recently, Dr. Gomberg moved to Puerto Rico where a new group,
attacking the same problem but with different equipment and under
different environmental conditions, was established., The Ann Arbor
group is continuing its study under the leadership of Dr. Hoyt Whipple.
In Puerto Rico, Dr. Robert Luse has made a completely independent rerun
of the.catalase experiments and has confirmed the existence of a unique-
ly high damage rate for photon energies in the vicinity of the K-
absorption edge in catalase.

In the course of this work, Dr. Vézquez Martinez, also of the PRNC
staff, has developed extremely effective techniques for obtaining
substantial yields of monochromatic x-rays for irradiation purposes

from a standard Ceneral Electric Co. XRD-type speciromeces. Many




incidental, but significant problecs ave been solved Or are Beiug
worked on in the course of this research. These include a true aicro~
calorimeter for low energy x-rays, being developed in Ann Arbor, and
high sensitivity chemical dosimetry, being developed in Puerto Rico.
Work is now in progress at PRNC on the x-ray action spectrum of

carboxypeptidase (a zine metallo-enzyme) and on E. coli,




RESONANCE RADIATION E#FZCTS OF LOW ENERGY

MONOCHROMATIC X-RAYS ON CATALASE

Robert A. Luse

A, SUMMARY

Experiments using monochromatic x-radiation in the energy range
6.4 - B.3 Kev have shown increased inactivation of the metalloenzyme
catalase at or near the K-absorption edge of iron (7.1l Kev). This
iz taken to confirm the resonance radiation hypothesis of Gomberg and
previous experimental work of Emmons and Paraskevoudakis.

X-radiation intensities of 2 x 1011 photona per hour have been
measured in the sample holder with Fricke ferrous ammonium sulfate

dosimeter. A more sensitive method for detection of the ferric ion

produced has been developed, using the ferric-thiocyanate complex.

B. INTRODUCTION

Previous work by Emmons (5) and by Paraskevoudakis (3) has indi-
cated that there is an enhanced inactivation of the matalloenzyme
catalase by monochromatic x-rays at wavelengths near the K-absorption
edge of iron. 1Indeed, a plot of enzyme inactivation as a function of
the x-radiation wavelength (or photon energy) follows closely the
normalized mase absorption spectrum for iron (see Figs. I-1 and 1-2).
Since no such resonance radiation effects have been reported by other
workers, it was desired to confirm the work of Emmons and of Paraske-
voudakis using other equipment and persomnel. The presant report -

is concerned with such coafirmatory experimencs,




C. EXP&xIMENTAL PROCEDURES
1. Development of presenc irradiacion system.

To obtain x-radiation of precise energy, the irradiation
system described in this report by VAzquez Martinez was utilized.
Here & portion of the x-ray energy produced in the x-ray tube was
selected by collimation and crystal diffraction, so that & beam of
monochromatic x-rays having photon energies within the 4-50 Kev range
and with a high purity of energy (+ 50 ev) was available,

The characteristics of thi# irradiation beam defined the re-
quirements for the holder in which the enzyme solutions were placgd,
vis: irradiation chamber dimensions Smm, wide, and 4 mm, deep; verti;
cal solution height not to exceed 6 mm.i

Irradiation of solutions of catalase was carried out in the

sample holder sketched in Fig. 1-3.2 This holder is constructed of

1 Measurement of the beam area and position was done by placing a
4 X 4 cm sheet of X-ray film (in light proof envelope) directly 'in
front of the sample holder. After a short irradiation period, the
position of the film relative to the holder was marked by piercing
envelope, film, and holder with a sharp scribe. After photographic
development of the film, it was replaced on the holder, and the
holder adjusted to coincide with the darkened area of the film.
Later, very accurate characterization of the distribution of energy
across the X-ray beam was done by Vizquez {15).

During the course of early work, there were utilized three other
sample holders having the characteristica tabulated below, Experi-
ence gained in their use allowed design of the present holder,

Cell Construction Capacity Solution thickness
A round polyethylene bottle top 1.5 ml 9 mm
B Jacketed luecite block 1.0 16
c lucite block with small com-
partments ('"Michigan cell') 0.2 2

Cells A and B had Mylar windows, cell C was covered with scotch tape
until it was found that contact with such tape caused inactivation
of catalase solutions. .
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Fig. I-1. Catalase Solution Loss of Activity as a Function of -
X-ray Energy. Data of Emmons, Ref. 1,2. Normalized iron-mass
absorption curve is given by the brocken curve.
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fig. 1-2. Refer to caption above. Daca
! of Paraskevoudakis.
Note: For Fig. I-1, each sample absorbed a dose of 1.8 x 10%2 and

for Fig. 1-2, 1.2 x 1013 X-rays/em3. The incident dose rate
was 9.5 x 1010 X-rays/em3-hr. for Fig. I-1l. For Fig. I-2 tb
dose rate increased from 1.5 x 10! at 5 kev to 7.0 x 10t
X~rays/cm3-hr at 10 kewv,
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Water
Qutlet

Water
chamber
6.5 x9
(w x h)*

(all dimensions in mm.)

This sample holder attached
to lucite sheet 100 x 70 x
1.5, which is bolted in place
on detector housing

Water
inlet

* Distance between chamber and
sample compartments - 2,5

Fig., I-3. Sketch of sample holder




zethaccylate plastic {Lucite) with a L.00Z facn chick Ju Ponl Myaaws
solyester film attached 2o iis face; inese zaterials are velatively
transparent to low-energy x-rays and are non-reactive chemically with
the biological sample. Compartment thickness was determined by balan-
cing the factors of solution abaorption and sample size: a 2 mm.
sample thickness was measured to absorb approximately 95% of incident
7 Kev photons, yet this thickness would permit only a 100 Ml sample,
too small for accurate manipulation and analysis. A depth of 4 mm.
permitted a 220 pl. sample, and masking of solution under such con-
ditions of complete absorption was avoided by mechanical stirring with
a 0.5 mm. glaass rod ingerted into the solution and rotated at 88 rpm.-
To winimize evaportation and inactivation of the catalase solution,
samples were covered and maintained at 5°C. by passing water from a

constant temperature refrigerated bath through the holder block.

2, Development of ferrous-ferric micro-dosimetry system.

The prime requirement specified for the dosimeter system was
the ability of direct substitution for the sample, so that values of
radiation intensity measured wit@ the dosimeter correspond directly
with those absorbed by the biological sample. Other considerations
were siﬁplicity of use and reliability in the low dose ranges involved
in this work.

The Fricke ferrous-ferric dosimeter is the most commonly used
and best characterized "secondary standard" available.l This dosimeter
relies on the oxidation by ionizing radiation of ferrous ion to ferric

lon, and determination of the concentration of ferric ion formed by

1

48 compared wich primary staadards sush as CoLorumelty of Hart (7 )




its light absorption at 3304 mu (ef. Scouler aad Allem,12).Appiication
of this dosimeter is primarily .imiced 5y the methods for ferric ion
analysis. Recent work by Scharf and Lee (ll) has shown that a more

sensitive assay for ferric ions is measurement of the absorbance at

2 1

224 mp; here the molar absorptivity

cm”t compared to the value 2196 at 304 mp wavelength. That the ab-

of ferric ion is 4565 liter mole

sorption spectrum for the ferric ammonium sulfate solution used in this
work coincides with that of the ferric sulfate solution used by Scharf
and Lee was confirmed by laboratory measurement.

A considerably more sensitive assay of ferric lon concentration
is measurement of the absorbance of the red-oranga ferric~thiocyanate
complex; the molar absorptivity of this complex is 10,000 - 14,000
liter um:;le."1 cmn-1 at 480 my (see Fig. I-4). Pribicevie, Gal, and
Draganic (10) have characterized this complex formation and proposed
its use as a dosimetry system in the 300 - 100 rad dose range. Not all
their results could be confirmed, so that further characterization and
modification of the system were undertaken. Differences were found in
the location of the absorption maximum (480 mp, not 470 mp) and in the
potassium thiocyanate concentratign yielding greatest complex-absorbance
(2.0 N, got 0.69 N); these changes were incorporated into the procadure
developed. 1In addition, to avoid dilution of the irradiaced solution,
optical measurements were taken with the Beckman DU spectrophotometer
in cuvettes of 3 mn x 10 mm x 25 mm chamber dimensions; as little as

0.22 ml of solution may be assayed in such cuvettes.

2 The term molar absorptivity is equivalent to the older terms wolar
extinction coefficient and molar absorption coeificient., This

follows the preferred usagze of the editors of Amalvcical Conemistry (1).
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Concentration of ferric ion as (molas/i) x .77

Fig. I-4 Comparison of sensitivity of varic.: m=zhodls
deteranining ferric ion in dosimecar




The procedure for 4=say oL LIfavldids feliousd CosSimeler was as
follows: To the four microcuveties wers sdaed porvtions (approximate-
ly 0.23 ml in volume) of 5 x 1073 M ferrous ammonium sulfate in 0.8 N
sulfuric acid, treated vis: a) not irradiated, stored in refrigerator,
b) irradiated for the specified time'at 5°C. with mechanical stirring,
c) and d) controls 1 and 2, kept in holder compartments 3 and C during
irradiation. Measurements of absorbance at 224 and 304 mp were made,

- using the stored control as blank. One of the controls was then set
‘aside and 220 pl. of the ferrous solution containing ferric ammonium
sulfate to the extent of 1 x 109 M ferric ion was placed in this
cuvette. Fifty mg. portions of potassium thiocyanate were then added.
to each cell and dissolved by shaking. Absorbance at 480 mp was
measured after 10 min. The value of the molar absorptivity was calcu-
lated from the standard ferric solution and used to estimate the ferric

ion concentration in the irradiated and control samples.

3. Assay for catalase activity.
Catalase concentrations were determined using essentially the
standard assay developed by Beers and Sizer (2), in which the disap-

pearance of hydrogen peroxide is followed spectrophotometrically at

212 mp.l Catalase activity was expressed in units of enzyme (U) per

These authors used 240 mp wavelength for measurement but show that
any wavelength in the 200 - 300 mp region is appropriate. The 212
mu wavelength was used for two reasons: to repeat work of Emmons
and Paraskevoudakis, and to utilize the larger (by rearly five times)
molar absorptivity of hydrogen peroxide at the lower wavalength.




wmg, of protein, where ome unii is &Jusl Lo tast amount 0L Sazyme wWailh

wiil catalyze the decomposicioa of i wmicrowole of hydrogen pevoxide ser

minute under specified conditions. *

Assay reagents were as follows: Enzyme solution - An approxi-
mately 4.5 mg % solution of catalase (Worthington Biochemical Co.
lyophilized material, lot no. CTL 5536) was prepared in 0.067 M po-
tassium phosphate buffer, pH 6.80 (made from 0,067 M solutions of
NaHyP0;.Hp0 and Na3P04.12Hp0). Such solutions were stored at 5°C. in
red "low actinic' volumetric flasks, Calculation of enzyme concen-
tration by spectrophotometric measurement was done using the molar
absorptivity value 340 cm-l oL at 405 mp for horse liver catalase.?
Substrate solution - A 0.03% (8.8 x 10 =3M) solution of hydrogen per-
oxide was prepared from Fisher reagent grade 307 material by 1:1000
dilutfon with 0.067 M phosphate buffer, pH 6.80., This solution was
prepared fresh daily before use, as dilute peroxide solutions are not
stable at room temperature. Water used for enzyme and substrate so-
lutions was distilled in glass from previously demineralized water.

Ruffers and water were stored in polyethylene hottles to minimize

trace metal contamination.

1
Such terminology follows recommendations made by the Commission
on Enzymes of the International Union of Biochemistry (see
Thompson, 13).

2

Such a calculation indicated that & 4.80 mg. % solution, nominally
2.1 x 10 -7 ¥ (molecular weight of 225,000) was actually 1.0 x 10-7
M. This means that the lyophilized material has regailned moisture

to approximately half its total weight,




The assay procedure was ds iollows: The Sample Of Caldiase so-
lution (normally 0.1 - 0.2 ui. in volume) was placed in & Speclrozhoio-
meter cuvette (1.0 em. path length, 4 al. capacity, fused silica ror
ultraviolet transmission). At zero reaction time, 2 ml. of subscrate
vas rapidly pipetted into the cuvette, and the change in percent trans-
mitrance at 212 mu of the solution measured over the first 90 sec, of
reaction time. This change in transmittance was measured using a
Servo/riter strip chart recorder attached to the Beckman DU spectro-
photometer with a4 Beckman energy recording attachment (ERAY, The limits
of pen travel on the chart were defined prior to this measurement by
adjusting the pen to 0% transmittance with the spectrophotometer dark
current adjust with mo light striking the photocell, and then to 100%
transmittance with the ERA "100% adjust' knob with light passing through
a solution of buffer only. No attempt was made to add the hydrogen
peroxide to the enzyme and to start the recorder simultaneously; the
substrate was added at zero time (as judged from a sweep second hand
timer), the spectrophotometer shutter was opened, and the recorder was
started, in a sequence requiring about seven sec. The ninety second
interval was accurately measured, at which point the shutter was closed
causing a rapid deflection of the chart pen to zero. Points on the
chart corresponding to 60 sec. were detérmined by carefully measuring
back from this deflection point with a ruler. Since chart speed was
18.3 em. min.'l, the 60-90 sec. interval was equivaleat to 9.15 cm.

In some measurements, increased sensitivity in the chart recording was
achieved by setting the 100% T margin with a solution of measured
absorbance approximately 0.9, By this method, absorbances in the
0.2 - 2 region were more accurately measured, and the slope of the

curve AT vs. time increased by a factor of approximately aignt,




i

converted to absorbance vaiues by tiae selarionship
absorbance = log (100/percent transmittenca {egtn, 1)

and these absorbance values used in the equation

enzyme units per mg. = 4A per minute x 1000

146 x mg, catalase per ml.
of reaction mixture (eqta. 2)

where 146 {s the molar absorptivity of hydrogen peroxide at

212 mp (measured in this laboratory).l

i
at the same time that the molar absorptivity at 240 Ty vas measured

and fouad to agree with pubilshed values.




D. LAPESRIMENTAL REsULIS

l. Energy output of x-irradiation syatem

The intensity of x-radiation in the 6.5 - 7.5 Xev photon energy

range, as measured by the ferrous dosimeter, is shown in Fig. I-5, based

on data listed in Table 1.

The following equations were used in calculating this data:

blank at N\ of measurement

{Amount of ferric ion } absorbance of sample corrected for)

-3
in sample, as moles/ml x 10

molar absorptivity of ferric ion
at X\ of measurement )

or, C = A/1000& (eqtn. 3)

Molar absorptivity of ferric ion at 224 and 304 mp is 2196 and

4565 liter mole~l em-l respectively at 25°C. The molar absorptivity of

the thiocyanate complex at 480 mp was estimated from ferric standards,

as described previously.

| {the rate of radiation absorptionz ¢ . f. 6,02 x 1023
= J = Y.t

by the sample, in ergs ml~l nr-! (eqtn. 4a)
where C = concentration of ferric ion, moles/ml,

f = factor for conversion of electron volts to ergs,
1.6 x 10712 erg/ev
Y = the ferrous ion yield (g value}, equal to 0,135 ions
oxidized per electron volt, in the 8 - 10 Kev range
(Cottin and La Forte, 4)
t = period of irradiation, in hours
or, I (as ergs ml~1 hr'l)= % * 7.14 x 10L2 {(eqtn. 49)

i
t E per photon, in ev

1, furthermore, as photons ml * hr-l =

e}

-

A

1.6 x 10°52 ¢

[
oA
23
41
L
I
——




n

hr-ly x 10"

Beam intensity absorbed in sample
as (photons .

(¢
|

Fig.

Photon energy, as Kev

I-5. Monochromatic x-ray besm intensity
as function of photon energy
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= C ., 4,46 x 10%%
t E av-s (eqta. 53}

1, as photons. hr-l absorped L sazple

= 1' = (I, as photons . ml-1 hr‘l) x (sample volume in nl,)
(eqtn. 6)

Total dose delivered to sample = I°' « {eqtn. 7)

The most important features of these data are a) that the beam
intensity is approximately 2 x 101l photons per hour in the 6.4 - 7.2
Kev photon energy region, b) that the intensity is increasing with
increasing photon energy (as found by Paraskevoudakis), and ¢) that
there i8 no resonance radiation effect in the ferrous dosimeter at
the K-absorption edge of iron. This last finding is as expected,‘sincé
the radiation effect measured is an oxidatiom, the G value for which is

energy independent over at least one hundred orders of magnitude,

2. Resonance radiation effects in catalase
The extent of catalase ilnactivation by monochromatic x-radiation

is shown graphically in rig. 1-6.1 This curve is Sased only on most
recent data, from experiments in which inactivation of control catalase
solutions by scatter radiation was minimized by additional shielding
(Table 2). That there is enhancement of catalase inactivation by
radiation of energies at or near the Ky and K-gbsorption edges of iron
is obvious, and confirms the findings of Emmons and Paraskevoudakis.

In general, the shape of the curve approximates that of the iron-mass

absorption curve.

Vertical arms from these points indicate the exceat of difference

in duplicate assays on irradiated sample. Horizontal arms indicate

the variation in photon énergies within the x-ray beam (+ 50 electrom
volts),
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Fig, 1-6. Resonance radiation effect of monochromatic
X-rays on catalase
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E. CONCLUSIONS AND D.5CUSSION

It is interescing co compare Present cZose rates and total doses
with those of ¥mmons and Paraskevoudakis, 4 summary of these data is
given in Table 3. Emmons reports dose rates which are 0.1 to 0.025
those found in this work, and total doses which are 0.02-0.03 present

TABLE 3. SUMMARY OF DOSE RATES AND TOTAL DOSES ABSORBED
IN CATALASE SAMPLES

Dose ratei total dose, sample volume
Investigator ag hv hr~ as photons in ml
rEmmons - mixed order 1.7 x 1010 3.3 x 10l 0.18
Emmons - first order | 4,5 x 109 1to 5 x 10ll 0.18 or 1.957
Paraskevoudakis-mixed | (2.7-13)x1010| 2.2 x 1012 0.18
Luse - first order 2 x 1011 1.4 x 1013 .23
Vézquez - first order | 1.7 x 109 -- -
(by SPG-1 detector)

values. That the extent of catalase inactivation obtained is similar
{30-407%) for both studies using first order radiation casts some doubt
on the former dosimetry. Emmons found that the intensity of x-radiation
(or energy flux) as measured by the SPG-1 detector was about ten percent
that measured with the Fricke dosiéeter. Comparison of the dose rate
values measured by Luse with the Fricke dosimeter and by Vézquez with

a similar electronic detector shows that in the present work the counter
efficiency is approximately one percent, that is, the counter registers
one out of every 100 incident counts. A possible reasen for the ten-
fold difference is that the surface area of Emmons' dosimeter was not
matched to the x-ray beam area, so that the apparent energy flux per

cm? was in error. For example, it seems that Emmons uSed 4 sample holder

in his dosimetry studies having a surface area equal o 2.25 cm?, wiereas
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the beam area may have been only adout 0.24 cmz,(?ossible cimensg.onsg, &&
defined by the collimating slits usea, z2re 0.6 x 0.3 ecm.) In che praegen:
work, this discrepancy is eliminated since the sample gurface exposed o
the x-ray beam is exactly the same as the beam area. In simplified form,
the scheme below illustrates this situation.

dogimeter dosimeter
area A = a area A' = 10a

SPG~1 detector
{registers 1 ohoton

in case 1, dosimeter absorbs 100 hv/A = 100/a; counter efficiency

source emits 100 hV}

in beam area a

[/

= 1/100
in case 2, dosimeter absorbs 100 hv/A' = 10 hv/a; apparent counter
efficiency = 1/10
An apparent quantum yield for catalase inactivation at the K=
absorption edge of iron may be calculated from present aexperimental
results, wvis:
Quantum yieid = molecules inactivated / photons absorbed, where
.molecules of catalase inactivated =
(1 x 1077 moles/1)x(0.25/1000 liters)x(l/3 inactivation)x(6.02 x 1023)
photons of 7.11 kev energy absorbed =
2 x 10! nv/ar) x 72 nes.
Hence the apparent quantum yield =

G x 1012) /I (L.4x 1013). or 0.36 molecules/photon.1

1The quantum yield calculated is 200-fold less than the 70 wmolecules
inactivated per photon reported by Emmons using dry catalage. Quantum
yields considerably greater than unity have not been reported Ior enzymes
in the many studies of non-resonance radiation effecrs. A parc of this
discrepancy way be due co 2rror in estimation of doscs abworbed in zample.




It must pde realized that thia apparent quantum yieid ie nol Cae sale

28 the true quantum yieid, since the above is not correcied Zor ap-
sorption by the solvent. An egcimate of the relative absorprioca of 7
Eev photons by solvent and solute in a 1 x 1.0'7 M catalase solution wmay

be made as follows (cf. data of Emmons):

Total Absorptios Mass Absorption,
Material Coefficient, cm“/g. Concentration, g/l. cm2/1.
Catalase 11.16 0.022 0.24
Water 0.057 + 13.6= 13.7 1000 13,700

(0.11H, .890,)
Hence the catalase abaorbs 1/57,000 the energy absorbed by the solution.
An exact measure of the quantum yield can be obtained only from

experiments using dry enzyme preparations. However, rough estimates

may possibly be made by extrapolation from a geries of enzyme concentrations.

Calculation alsc may be made of the G value for catalase baged on

present results. Since (.30 molecules are inactivated per photon of 7100 ev

energy absorbed by the solutiom the G value equals 0.005 molecules/100 ev.
This ia approximately half the value of 0.009 previously reported for x-

radiation of much higher energies where the resonant effect is not pregent.
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P. PROP0SALS POR PUTURE RESEARCH

As present results confirm the presence of a rescnant effect in the
x-ray inactivation of catalase, it is proposed to enter the second phase
of the research~-examination of a second metalloenzyme.l Carboxy-
peptidase A has been chosen for study for several reasons, vis:

a) its radiosensitivity should allow much shorter irradiation
periods so that use of the present low-intensity x-ray source
is feasible;

b) its physical chemical characterization has been well developed
by Vallee and coworkers (3, 14), so that it providas a rather
wall defined enzyme for study;

¢} it is presently unique in that the single zinc atom present
per molecule which is necessary for peptidase and esterase
activity may be replaced with mercury, cadmium, lead, cobalt,
nickel, or manganese to give a series of new metallocarboxy-
peptidaséu displaying specific activities towards a series of
new substrates, characteristic of the particular metal which
i8s incorporated.

This ability of substitutiom of the metal atom asscciated with the

active site of carboxypeptidase permits the following experiment:

Irradiation with monochromatic x-rays of carboxypeptidases con-
taining different metals, e.g. zinc and nickel, at the K-absorption
edges of the respective metals, Enhanced inactivation of the zine-

enzyme would be expected at 9.66 Kev (zinc Kgp), inactivation of the

1
Irradiation of catalase at higher doses would best wait until a more

intense x-cay source is available.
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nickel enzyme at 8.33 Xev {nickel K,;p); no inactivarion should be pro-
duced in the zinc enzyme by photons of 8.33 Kev, nor in che nickel
enzyme by photons of 9.66 Kev energy.

Phase three of the experimental program will be a study of living
systems where the resonance effect may be observed. Here the single~

celled bacterium Escherichia coli provides a well-characterized test

organism. In addition, it contains the zinc metalloenzyme alkaline
phosphatase, which is obtainable in pure form (9). It is proposed to
compare the rescnance radiation effect in this enzyme (inactivation vs,
photon energy) with the resonance radiation effect in the bacterium
(percent survival vs. photon energy). Should the enzyme be esaential
for bacterial reproduction, the two effects should be similar,l

A whole new range of experiments can be initiated when vacuum x-ray
equipment becomes available. With photons of 2.1 and 2.5 Kev g¢nergies,
the resonance ;adiation effects may be studied in sulfur and phosphorus
atoms respec;ively. At this point, the importance of disulfide bonds
to three-dimensional enzyme structure and the role of incréanic phosphate
atoms in the active site of certain enzymes (e.g., alkaline phosphatase)
may be studied.

It is hoped that such resonance radiation studies will introduce
a new diﬁension of specificity in the field of radiobiolegy. Low energy
monochromatic x-radiation offers a tool as "clean" as monochromatic
ultraviolet light, but in an energy range one to three thousand-fold
that of UV. With such a tool, a host of new radiobiological studies in

the important field of enzyme structure and function becomes possible.

L
It is interesting to speculate on enzyme-nucleic acid interreiations
at this point,




G. APPENDIX

1. Notes on catalase assay calculation
The method of calculating catalase activity given in this re-
port differs from that used by Emmons (and presumably, Paraskevoudakis),

who made use of the following relationships:

loge (100 - T1)

K== (100 - 1,

{eqtn. 1)

and Ky = 1.2 x 10-3 (concentration)o‘8 {eqtn. 2)
Ky was determined in each assay by plotting the percent transmittance
values measured by the recording system as log (100 - T) and determin-

ing the slope of this line over the first 60 sec. of enzyme reaction,

vis:
= &Y = log {100 = T1) - log (100 - T,) = log (100 - T)
"7 ax 60 sec. 80 (100 - Tj)
{eqtn. 3)

That values so calculated are negative seems unrecognized by Emmons.
An empirical linear relationship was found between loz X1 and log
enzyme concentration in the 0.3 - 2 x 10°7 M range. The equation best
fitting this line (eqtn., 2) was used subsequently to estimate enzyme
concentration in controls and irradiated samples.

This method was rejected because it is not an accurate expression
of the fundamental kinetics of the enzyme reaction. The reaction of
catalase with hydrogen peroxide is described by first order kinetics
during the initial part of the reaction (before product concentration
reaches a point where the enzyme is poisoned. The equaticns describing

such first order reactions are

K, = L loge (Solsl) where S, and 51 = substrate concentrations
1 t at time 0 and time 1

{eqtu, 4)
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and K; = k (enzyme concentration) (eqtn. 5)

Beers and Sizer (2) have shown that 0.01 -~ 0.02 M hydrogen peroxide
substrate follows Beer's Law for wavelengths of 210 - 300 mp, i.e,
absorbance, A, is proportional to S, hence

Ky = 1 1loge (Ao/A1). (eqtn. 6)
t

Substitution of percent transmittance for absortance results in an

equation of the form

K, = loBe (log (To/100) . loga  (log 100 - log Tg)
1 t  ¢log (T{/100) t (log 100 - log Ty)

(eqtn. 7)
(The term (log 100 - log T) is not equal to log (100 - T). E.g. if
T = 22%, log 100 - log T = 0.658; log (100 - T) = 0,892).

Comparison of the shapea of the curves obtained by plotting equa-
tions 1 and 5 against enzyme concentration nmay be made using simpli-
fied data. See Table 4 and Figs, 1-7 and I-8. That Emmons obtained a
straight line relation between log Ky and log E is fortuitous and some
indication of the insensitivity of a log function of T. Such insensi-
tivity in the measure of enzyme concentration may be responsible for

the wide variations in enzyme inactivation reported.
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ILLUSTRATION OF DIPFERENT METHCDS OF
( HANDLING KINETIC DATA FROM CATALASE REACTION

i
Let AO\S&i.OOO, Ay = 0.8, 0.6, 0.4, 0.2 for various concentrations of

enzyme (Ej). Then these datsa may be calculated:

Ay Ag/Ay loge(An/AL) E(arbitrary units)

0.8 1.250 0.223 1.00
.6 1,667 0.510 2.29
N 2,500 0.916 4.11
.2 5.600 1,609 7.21
Ay T 100 - T log (100 - T1)=Kq logeR

100 - T, (100 - T,

0.8 15.8 0.935 -0.0672 { .000
.6 25.1 i .B33 - .1827 .833
b 39.8 . 669 - .4120 1.413
.2 63.0 .410 -~ 8916 1.975

A, = 1.0 10.0 i - -
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Enzyme concentration
{arbitrary units)

Fig. I-7. Comparison of absorbance and percent
transmission plots vs. enzyme concentration
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2. Survey of radiation levels about x-irradiation equipment
A survey of rhe radiation levels existiag about the x-ray sjzeccro-
meter was made prior to its routine use for irradiations and later after
additional shielding was found necessary in the vicinity of the sample
holder. A Nuclear-Chicago model 2612 survey meter equipped with thin-

window probe for beta-counting was used, and results found are listed

in Table 5.

TABLE 5. RADIATION LEVELS ABOUT X-IRRADIATION EQUIPMENT

Millirad
Location Counts min~! hr-1
Goniometer table, right end, 0-24" above table 100-150 0.3-0.5
Gonlometer table, left end, (0-24'" above table 100-150 0.3-0.5
Goniometer table, front, 0-24" above table 100-150 0.3-0.5
Gonlometer table, in line with second collimator
slit, 0-24" above table 5000-20000 2-8
At sample holder, with single shield (3/16" lead
sheet) at diffraction crystal 60,000 20
At sample holder, with additional shield at crystal
and over second collimator, horizontal 350 1.1
Ditteo, vertical measurement ' 1500 3
Ditto, with additional shielding over crystal
and first collimator 1260 4

To minimize the effects of scatter radiatiom striking the controls
and irradiated sample from above, lead shields 1/16" thick were placed

atop the compartment in the sample holder.




3. Preliminary experiments on the culture of . colil

It is desired in the future to test the effect of Tesondnge
radiation in in vivo systems. In preparation for this work, the con-

ditions for culture of the unicellular bacterium EBscherichia coli were

investigated. A culture of E. coli obtained from the U,P.R. Biology
Department was inoculated in a sterile medium containing 1000 ml. water,

7.0 g. KyHPO4, 3.0 g. KHPO4, 0.5 g sodium citrate .3H20, 0.1 g.

MgS0,.7H,0, 1.0 g. (NH4)2SO4, and 2.0 g. glucose. after 15 days growth
at 35°C the culture was stored at 5°C to inhibit further growth. For
purposes of counting the cells/ml. of this sugpension, a 0.1 ml, aliquot
was diluted 1:100, 1:1000, 1:10,000, 1:100,000 and 1:10,000,000. A 0.1
ml. aliquot of each of these dilutions was inoculated with the tip of

a pipet on peptone-beef extract agar (Baltimore Bacteriological Labora-
tories nutrient no. 01-125) in Petri dishes. Samples of 0.1 ml, of
sterilized distilled water were used as comtrol. Counting of visually-
observable colonies after 2-day incubation at 35°C indicated 1:100,000
dilution would give most accurate plate counts within the standard °
region of measurement (30-300 colonies per plate). Repetition of this
initial experiment using the pour plate modification yielded the data
In Table 6. The precision between replicate plates is high, so that
this technique should permit a rather sensitive measure of resonant

energy effecks.

1
Carried out by Miss M. Vargas of U,P.R. Chemistry Department.




TABLE 6.

Sample
Al
A2
Al
Ad
Bl
B2
B3
B4
Cl

c2

.32 =

PLATE COUNT REPLICATION IN E. COLI CULTURING

Dilution

1

i:

:105

;107
:103
:10°
1106
1108
:106
108

control

control

Coloniea/plate
175
145
175
168
27
22
22

23
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CHARACTERIZATION OF A MONOCHROMATIC HIGH INTENSLITY

VARIABLE WAVELENGTH X-RAY SOURCE IN THE 5-20 #£2V REGION
Florencio Vizquez

A. SUMMARY

The x-ray emission system utilized for the present resonance radi-
ation studies has been characterized quantitatively as to intensity and
photon energy distribution, and second harmonic contamination.

The monochromatic x-ray beam resulting from crystal diffraction
and collimation was analyzed horizontally across its front for a) in-
tensity distribution, utilizing a special moving slit device; and
b) photon energy distribucion, using double diffraction by a second
analyzer crystal.

Estimation of the extent of second harmonic energies was made from
a) absorption measurements relying on the different mass absorption
coefficients at the first and second harmonic wavelengths and b) double
diffraction measurements in which photons with second harmonic energies
were analyzed separately. Correction for percentage of reflection by
second harmonic energies also was determined by the double diffracte-
zeter method., <JContamination by higher harmonics was shown to be consider-
able at higher operating voltages; monochromatic beams can be obtained
only by proper selection of tube potential.

The effects on the beam of positioning the various components of
the x-ray system (tube, diffraction crystal, two soller slits) were
determined and the system was selected which provides nign uniformity
of photon energy distribution,

As a result, a diffraction system was developed which permits irradi-

ation with photons of uniform energy distribution (+ 50 2.v. in 6000 -
9000) . Such a selectivity of photon energies is not possible with

rluorescent emission systems.
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B. INTRODUCTION

To study the effect of X-ray irradiation on matter, it is import-
ant to know separately the effects of the X-ray energy, the total dose
and the dose-rate so as to permit an investigation of the details of the
transformations involved and, on that basis, a clear definition of the
mechanism for production of change by irradiation.

In particular, we have concentrated on the study of effects pro-
duced as a function of X-ray energy. Resonant effects may occur, and
it is necessary to utilize an X-ray source in which photon energy can
be changed slowly and by appropriate steps.

We must alsc be concerned with the setting of the irradiating beam
at the proper energy and with obtaining the maximum possible intensity.
Once these prerequisites are present, we should be able to deliver the
required dose in a reasonable time,

Two other important conditions must be met herxe:

&) Setting the beam as wide as possible in order to aveid the

problems arising from very small irradiated samples, and

b) Obtaining a beam of uniform energy and intensity so as to

deliver to all particles ¥n the sample, no matter their
ﬁosition, a homogeneous external radiation field.

It is difficult to meef all the above requirementg simultaneously
because some of them are contradictory. Por example, the higher the
energy resolution of the beam, the lower the intensity. Also, the
continuous range of energies is only possible with lower intensities
than those available when discrete emission X-ray energies are utilized.

This problem has given rise to two different monochromatic irradiation

techniques;
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a) The use of nigh intensities at discrete energy pointas,

This method was used oy M. C. Atkins and W. R. Clendiaaiag.(l)

b) The use of lower intensities, but with almest continuous

energy adjustment. This is the technique studied in the
present report,

All the work reported was done with a General Electric X-ray
diffraction uanit XRD-5 shown in Pig. II-1 located in the laboratories
of the Department of Physics of the University of Puerto Rico at
Mayaguez. Nevertheless our results may be applied to any other

similar machine.




-~ 38 -

Photograph of General Electric X-ray Diffraction Unit XRD-5

Fig. 11-L.
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C. GENERAL PROPERTIES OF X~-RAY PRODUCTION AND TL4 RACTION

Each facter entering into the technique of irradiarion, and ciae
relative importance of each factor must be known. Brief descriptions
of the most interesting problems involved in X-ray production and
diffraction are included here.

1. X-ray production

When, in a X-ray tube, a voltage Vo is applied between the
target and the cathode, all electrons coming from the cathode impinge
on the target in such a way that photons are produced, with a distri~
bution of intensities and energies.
I1f we plot the intensities against the energies as shown in
Fig. I1-2, we get, in general, a continuous distribution of intensity start-

ing at point "A' with peaks at definite energies appearing afterwards.

(NTENSITY

LOG.

—e WAVELENGTH A°

vo  2v ¢ ~— ENERGY KEV.

?ig. I171~2. X-ray emission distribution




There are two reasons for these two superimposed distributions.
when an electvon with energy "E" impinges on target it may lose its
energy by scteps AE with the corresponding appearance of photons with
energies according to the equation

E = by

This is the so-called Bremsstrahlung effect. Since the maximum
energy of the electron is (V.e) the maximum possible energy of photons
is given by:

Wy =E=V,.e
and is shown in point A, defined by the applied voltage Vo.

The distribution extends from this 1limit hv = hv; to b¥ = o and 1is
independent of the target material.

There is also the possibility that the impinging electron may eject
another electron from any orbit of the target atoms. As soon as the
vacancy is produced, an exterior orbital electrom falls into it and
a photon is produced with an energy given by the difference of the
energies of the two corresponding orbits. This last effect is known as
the fluorescence effect and is the reason for the high inténaity peaks
shown in Fig. II-2. For this case, we will get a particular peak if the
impinging electron has enough energy to eject the electron of a definite
orbit. The peak distribution depends on the electron orbits of targat
atoms,

Belag interested in radiations with 2 continuous change of
energies around a definite value and with constant intensity, we use
radiation from the continuous part of the X-ray spectra.

Let us summarize some propertiea of thia part of the spectra.

l.- The iantensity in a narrow band of energy d(h¥) is pro-

portional to the tube power (V.i.)
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9.~ The total intensity and the intensity in a narcow band dre
proportienal to 2 (atomic number of the target)

3.- The limiz wavelength of the spectra at point "A" (Fig. 1I-2) is

1 - e, 12300

o
where42° is given in Angstrom units when V is expressed in
volts.
4.- For a particular energy (hV¥), according to the voltage applied,
the tube can emit harmonics of the first energy, given by
2hv, 3hy, and so on.
5.+ As the maximum voltage applied to the tube is increased,
the spectra shift to the left as can be seen in Fig. II~-2.
The peaks in this figure do not correspond to any specific
_.atom but are 'representative'., It can be seen that the useful
zones of irradiation are those labelled x, y, 2. Por these
the intensity distributions are alwost uniform, with meximum
intensitiaes near the spectrum limit, as should be the case,
2. X-ray diffraction
An X~ray beam incident on & crystal is diffracted éccording to
Bragg's Law:
2. A = 2d sin ©
where n is an integer, A is the wavelength of diffracted X-rays, d is the
interplanar spacing between successive atomic planes in the crystal and
8 is the angle between the atomic plane and both the incident and the

reflected beams.

The beam obtained after diffraction is monochromatic with the

following limitatioas:
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l.- As the incident angle is defined by slits with a definite
width the difiracted beam also has a band of photon energies hv + A ny
according to the incident angles @ + A 8.

2.- The crystal produces dispersion which also causes energy

diffraction,.

3.- 1f there are photons in the incident beam with energies 2hv,
3nv ---Vnhﬁ, they are also diffracted.

4.- In diffraction the intensity of the incident beam is strongly
reduced. The percentage diffracted is quite dependent on the type of
crystal. Also, depending to the crystal, the percentage diffracted is
quite different for fundamental, second, third --- harmonics, in such a
way that some crystals strongly reduce diffracted harmonics.

5.- The Bragg equation limits to 2d the maximum wavelength that
can be measured with a given crystal, sinée sin O cannot exceed unity.

6.- A relation between the width of the beam and the length of
the crystal is wasily observed in Fig. II-3.

7.- The analyzer crystal, by its atomic structure, determines the
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the efficiency of the crystal is not very high, but it cam vary sut-
stantially from one crystal type t another. Selection of the cryscal
i8 therefore an important decision.

Two theories have been developed to explain analyzer crystal re-
flecting power. The first, developed by Darwin and quoted in James {8)
assumes that the crystal consists of perfect parallel planes of atoms

with equal spacing between planes:

8 e <32 1 + lcos 8 |
-8 _ NAT 1py 2t lcos 8 1
o * 37 me? 7 sin 2 ©

where Rp is the reflecting power of the "perfect" crystal
A is the wavelength diffracted
N is the number of atoms per unit volume
I #1 is the atomic scattering factor for the diffracted wave direction
28. | F | has a maximum value of Z for angle 20 = 0, and decreases
as 28 increasges.

is the classical‘*electron radius"

B J“’N
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structure in the cxystal; the crystal consists of small "crystallites",
Ty 5 ry

each slightly skewed from the average direction for che SrOuUp 48 a wholae:

2. = 2 N- A2 i F 1 + cos”® 20
& Tl 7 2 sin 26

where R, is the reflecting power of the "mosaic" crystal
¥ 1s the linear absorprion coefficient of the crystal for x rays

of wavelength
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¥ is the number ¢f unit structural groups {crystaliites) per

unit volume

F  1s the scattering factor for the structural srfoup and may be

written E:ifi e” Mi

Here £ is the scattering factor of the "i" atom, and approaches

Z for small angles provided A is much shorter than the ab-

sorption wavelengths of the atom. The term e™Mi corrects for

the temperature of the crystal. For our work, this factor may

be neglected.

Note that Rp contains the number of atoms (or electrons) per unit volume

and the scattering factor f » which is also proportional to Z. Howaver;

Rm contains both factors to the Znd. power. Thus, Rm will always be much

larger than Rp. in nature, most crystals are much closer to "mosaic"

in structure.

Adopting Rm, calculations were made for crystals of Litnium Fluoride,

Aluminum, Sodium Chloride and Quartz. The corresponding values of Rm are:

Li # (200) - 1543 x 10-6
Al (l11) - 670 x 10°°
NaCl (200) - 560 x 1076
Quartz (1011) 490 x 10°% (experimental)
These indicate that, for a wavelength of 1.739 A° (K absorption edge of

iron), a Lithium Fluoride crystal is superior. 1In this cdse, M, the

linear absorption coefficient is small, and the number of atoms Per unit

volume is hign, This is sufficient to compensate of the smaller number

of electrons per atom. dowever, the diffracted energy is still only a

small part of the incident energy.




3. INTEINSITY AND ENERGY DISTRIBUTION

Most of the studies in this section were made with two special de-
vices built in our shops. The first provides for detailed measurement
of intensity distribution across the diffracted X-ray beam.

The second device is used to analyze the photon energy content at
all points across the beam. Both instruments are described below.

1. Intensity distribution

A photograph of the device used is shown in Fig. II-4 with the
corresponding sketch in Fig. II-5.

The device replaces the normal support of the X-ray detector
geiger counter with a two section mechanism, The lower section is fixed
to the goniometer protractor and the upper section carries the geiger
counter in such a way as to provide a sliding motion normal to the X-ray
beam, A lead screw moves the counter to the desired position., The window
of the counter is covered with a shield containing a wellidefined slit,
Photons from the beam enter the counter only through this slit. By slid-
ing the window slit across the beam, and counting at different points, che
intensity distribution can be established,

If the width of the wind;w slit is much less than the width of
the individual medium resolution (MR) soller slits we can also get the
intensity distribution across the individual soller slits, as shown in
#ig. 1I-6, Ay, Here, each maximum corresponds to the center of a soller
slit. If the width of the window slit is similar cto that of the MR soller
slits, we obtain a ﬁean intensity distribution across the beam like tﬁat
drawn in Fiz. 1I-6, By. Fig. I1-6, C;, shows, at che bottom, a crossection

of the soller slict assembly and, at the top, a film negative taken at the
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sample positicn. It can be seen now [he shadows in the film coincide
with the M4 soller slits.

Fig. 1I-6, A5, By and Cp, show similar diagrams for the case of the
higin resolution soller slit system. Here, 19 maxima occur, corresponding
to 19 soller slits. The MR soller contains only 9 corresponding slits.

The intensity of the whole beam can be obtained by integrating under
the curves. 1f the slit has a width w, the distance between two con-

secutive counting points is b, and the measured intensities ave given by

§1, 82, --~ Sp, then the toral intensity is:
i=n
b b b b
§ =Sy B gyl 4ty _=_Zs-
iy 23 Ny w o
i=1

It should be noted that we obtained the same results, within a 0.3%
difference with the narrower slits as with the wider slits, when correct-
ions for tne dead time of the counter were made. Using reading periods
of 10 seconds duration, the intensity of the whole beam was obtained with
good statistical accuracy.

A similar procedure was used in comparing intensities for the

differentc cases.

2. Double diffraction ~ Phdfon energy analysis,

“In order to determine energy distribution of the beam, a special
crystal analyzer device was used. Tt is shown in Fig. II-~7 by a photo-
graph, and in Fig. II-8 by a sketch. -

The device consists of a steel plate "A" which can slide in
direction a-a (nourmal) across the beam, A rotating crysctal holder,

whica is an accessory normally used in spectrometer techaiques, is mounted

on top of the plate. After fixing the base, the crystal is wmoved into
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exact axial positiocn ia the beam by means of a lead screw, pro iaing
nocion in direction 'a-a', ?Precise setting of the corresponding angie
desired is obtained from the rotary table of the cryscal nolder. A
support bracket holds a shield and slit in such a way that photons .
which arrive at the second crystal have come from the first crystal
without intervening scatter.

A counter is mounted on the plate, in such a way as to permit
rotation around the crystal axis, It is turned by means of a circular
steel strip and a screw, as shown in Fig. II-8. Another slit and shield
are attached to the counter so as to block scattered radiation from the

first crystal.

SHIELDING }

HIGH RESOLUTION SOLLER SLIT
[48mm BETWEEN PLATES]

/ MEDIUM RESOLUTION SOLLER SUIT
[95mm. BETWEEN PLATES)

i SLIT ATTACHED TO SHIELD

SHIELD ATTACHED TO PLATE “aA"

f
|

GRADUATED DIAL

ROCKING CRYSTAL BRACKET

f1z. I1-8. Double diffraction device




2. CHARACTERISTICS OF X-RAY TuBE

Much of Tae research in this study has been done oy irradiatiag at
energies close to the K absorption edge of a particﬁlar atomic element,
Cnce the X-ray energy arcund which we are to irradiate is decided, the
next problem is selection of the appropriate X-ray tube anode. Some
of the criteria for the selection are commented on briefly below.

1. Selection of anode material

The higher the atomic number of the anode the higher the radi-
ation intensity, at any fixed values of anode voltage and current. How-
ever, since we wisn to adjust the energy of the radiation reaching che
material under study, the oucput should change slowly as a function of
energy. The anode material should be free of strong sharp emission
lines in the energy region under study. (See Fig. II1-2)

2. Operating voltage

A precise determination of the anode voltage to be used can be
made only after the permissible second harmonic contamination has been
established. As a starting point, we can apply a voltage giving twice
the minimum shoton energy desived, since up to this value, no second
harmonic is generated for the eneréies under study. This problem is
discussed in detail in a later section.

3. Operating current

Once che voltage and the anode material have been selected, the
maximum operating current is determined on the basis of either the
maximum allowable anode-power dissipation or the maximum filament
current permitted, These vary with the tube type. Our present equip-

TERT allows up to 50 ma. anode current. We plan to install new 100 ma

equipment socn.




4, Qurput patcern and collimation

The next step is che mweasurement of the outpul pattern, wollna
in turn determines the arrangement of collimators in the diffraction
unit. TIn the usual diffraction study, small areas and narrow slit
openings are used to obtain high §patial resolution., In emission
studies, narrow slit systems are used to resolve emission lines. How-
ever, our objective is maximum flux commensurate with good energy re-
resolution. We have used medium resolution soller slits before the
crystal and a nignh resolution set after the crystal, The slits are
set in the vertical positiom. This arrangement yields fae maximum
useful cutput. The monochromaticity of the output was checked using
double diffraction as described above.

5. Anode shape and orientation

The importance of the atomic number of the anode material was
mentioned earlier. We will now consider the form of the anode surface.
The General Electric CA-7 tube has a target which is 0.8 x 15 mm. and
windows which are disposed as shown in Fig. 11-9. The surface of the
target is perpendicular to the longitudinal axis of the tube. Fig. II-9
also shows the emission pattern; taken with two films at che normal
position of the first seller slit. We found that wicth window 3 the
soller was aot well filled, but with windows A and €, the resulis were
much improved,

The General Electric AEC 50-T tube has & target woich Ls 5 X 5 mm,
in projection and forms an angle of 70° with the tube axis. This angle
is important from cthe viewpoint of getting higner intensities, a question
which will be considered in the next section. The effact of a large
_projectad acea across tne width of the soller slit is to promoce

uniform incensity.
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#,  ANALYSIS FOR dARMONICS IN X-RAY 3AM

45 was atated earliier, the nigher the volcage applied to the tuve,
the higher the intensity obtained. However, there exists a potential
Vs above which the beam contains higher harmonics, which are not want-
ed. We must, therefore, determine the maximum voltage that can be
applied, taking into account the percentage of second harmonic which can
be tolerared.

Tweo mernods were used to f{ind the percentage of second narmonic
present. Tne fizst one is based un the different mass absorption co-
efiicients of an absorber for two differcnt wavelengths., The second is
based on double ¢iffraction.

1. absorptrion method

Let us suppose that the diffraction unit is arranged for irradi-
ation as shown in Fig. 1I1-10.

The problem is to find at a point A, where the sample is to be
placed, the percentage of the second harmonic as a function of voltage.
Since the sositiom of the counter is close to poinc A, the intsnsicy
of the veam 13 the same as that received by the counter,

Hence 1f 1, is the intensity as measured by the counter, then;

W 1=y x + Iy B
where of and /2. are the efficiencies of the counter for energies ¥ and
29 obtzined [rom amanufacturer,

17 we puf in place ‘'BY, an absorber with a large difference in
the absocption conafiicient for the energies ¥ and 2¥, and in which
energy ¥ is more strongly absorbed, then the intensity as given by tha
caunter will be

. . 9d . 2
{2} T"“=Iva(e(i;>"' +Igp € "9 2¢
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in which:
a) (&) and (#) are the mass absorprion coeificients for
P\’ ?Z\i
energies ¥ and 2v
b) p is absorber density
¢) d is absorber thickness

From equations (1) and (2) we get

e-(gﬁv P

-1 N |
I2vae > I2/7; - I2/1;
Iy -
e- (%) 2vpd 1. _B
P el T2/t

12/1;

With d fixed, values of the factors A and B may be calculated with the
aid of tables of wonochromatic absorption coefficients or by measures
ment, using the X-ray unit,

If direct measurements are made for a given frequency, ¥ , the X-ray
unit must be operated initially at a voltage lower than Vo at which the
second harmonic will appear,

The intensities I and I,, with and without the absorber, are measur-

ed to obtain,
1/10-3(‘;)3 pd
To obtain the second factor, the spectrometer angle is set for
frequency 2V and a voltage above V, but less than 2V, 18 used,
Once we have the two factors needed and the o:,;; efficiencies of
the counter, determinations are wmade of I2/11 at different voltages ao

48 to obtain the percentage of second harmonic present.
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Fig. I11-10. Component orientation for second harmonic studies
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Fig. 1:i~11l. Componaent orientation for seccnd harmonic scudies
(double diffraction method)
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2. Double diffraction

Por this method, the proper arrvangement of the main diffraction
unit and the added double Jdiffraction unit are as shown in Pig. II-1l.

Let us suppose line A-A to correspond to the front surface of
the sample, and let us select with a slit in point M a fraction of the
total beam which we are to analyze. Also, let us suppose the mixed beam
to be composed of intensities I, and 129' Placing a second crystal with
appropriate angle Gz(v) to diffract energy y, and measuring 11(0) inten-

ity at the counter, we have
Ber (V)90 (V)

(1) 1 (¥) =

where

l"r:r("’) is the crystal percentage of reflection and
%o(") s the counter efficiency

In the same way, with the crystal in position 95 (2¥) we get

2 2J) = 11(29)
O 1) W)

Hence the percentage of the second harmonic present is given by

(3) 1029 = 11(2M 9 (V) (¥)
1) I3(V) e (204N

For precision meaaurements,'it is necessary to take into account
different absorption by air of photons with energias M and 2 ¥between
point A and counter. However, by computation the above was found to
be unnecessary, because of the short distance between the crystal and
the counter.

Another important correction must be made for the second harmonic

photons measured in 11 (V). The correct equation should be

() T = 11D 9N + 1258 (2187, (20
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ig more accurate ia that it accounts for the value of 14.22 KV?, whaich
is the starting point for second harmoni¢ production. The curves wece
taken with the crystal set to diffract 7,111l Kev energy photons, 3Both
curves change slope at about 21 KVP and 28.5 KVP, which indicates the
appearance of the third and fourth harmonics at these operating
voltages.

Both curves are similar at the lower voltages, hence both
methods cross-check each other. For the higher voltages it is necessary

to use Eqtn. 4 instead of Eqtn. 1.

In the present problem where we were interested in avoidiang all

second harmonics, the voltage 14 KVP was chosen for all irradiations.
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G. GRIZNTATION OF X-RAY TUBE, PROTRACTOR, AND SCLLER SLITS
POR OPTIMUM INTENSITY AND RESOLUTION
In the following sections the relative positions of che spectro-
meter elements are studied with the general objective of getting the
highest possible uniform distribution of intensity. Particular at-
tention is given to obtaining maximum energy resolution.
Analysis of the general procedure is best made by following the

steps used in the particular case of irradiating at the X absorption

edge of iron.
1. Tube position

‘The X-ray tube must be positioned correctly to obtain a sym-
metrical intensity distribution.

To obtain a symmetrical distribution along the height of the
soller slit, it is necessary to place the tube with target surface
parallel to the rotation axis of the crystal. The centerlineg of the
soller must be at the same level as the center of the target. This
adjustment is made with screws M, N, P, Q and with the levelling screws
A, B, C, as shown in Fig. II1-13,

The tube position may be changed, in addition, by rotating it
a few degrees around an axis perpendicular to the plane of the figure,
This last possibility is limited by the tube holder walls and by tha
ingulation of the high tension cable. The advantage gained ia put-
ting.the tube in such a skewed position is a slightly larger angle
between the target surface and beam center line, thus increasing the
flux into the soller collimator. When the target plane of the tube is
perpendicular to the tube axis, this device may be useful. There are

other techniques and adjustments for this type of tube, described in

later sections, which also may be used to inerease usaful autput,




FIXED TO
THE TABLE

ANODE FIXED AT 70°
FROM TUBE AXIS

DIFFRACTION UNIT
ROTATING ARQUND ©

BASE PLATE
FIXED TO THE TABLE

ABC. LEVELLING SCREWS

Tube and diffraction unit with small protractor

Fig. II-13.

ii-14. Targecr angular intensity distribucion
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In che case of a« fube with the target plane ac an angle of abous 07,
the additionai angle obrained in the skew position is insignificanc.

The G. E. X-ray tube CA-7 has a flat anode. This tube is ordi-
narily used for crystal structure diffraction studies. The tube with
the anode at 70° is the Machlett AEG 50-T, which is ordinarily used to
excite characteristic radiation in samples to be analyzed. Usually, this
tube is placed so chat the radiation passes downward into a box contain-
ing the specimen to be analyzed. For our work, the tube is rotated 90°
along the tube axis to obtain side discharge, as showm in Pig. II-13.

Another adjustment available in tube position is placement along
the tube axis. The tube is moved forward in small ‘steps until the out--
put pattern reaching the crystal position is symmetrical around the
crystal axis. This determination may be made by survey with the geiger
counter, covered by a mask with a thin slit.

2. Smali protractor position

When using a CA-7 tube in the XRD-5 diffractiém unit, it is
possible to change the angle between the surface of the target and the
direction of the beam by rotating the base plate around point A, as shown
in Fig. 11-14.

The emission intensity pattern of the CA-7 tube is similar to
that shown in Fig. 1I-14. If we need a beam angle of "a" degrees, to
fill the width of the soller slit, it is better to obtain the beam at
the higher angle sc that higher intensity I,, I';, and berter distri-
burion are obtained. For our problem the higher angle of the small

procractor was aiways used,
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3. Use of scller slics

The XRD-5 is equippped with soller slic collimators ia waien the
plates are stacked one above the other, with each plate parallel to the
horizontal plane. As supplied by the manufacturer, the soller slits
are designed to minimize vertical dispersion of the beam. Resolution
is determined by separate vertical slit systems, which allow for beams
with.angular spread of 3°, 1°, 0.4°, etc. The small angle slit system
transmits a awuch smaller number of photons, but spatial resolution is
high. This system is used with characteristic emission radiation from
a CA-7 tube to study, for example, powder diffractiom or crystal lattice
spacing. .

For our problem, the need is to direct a relatively parallel beam
of white radiation at an amalyzer crystal, and then te accept a relacive-
ly monochromatic beam from that crystal to be directed against a target.
This latter beam may be fairly large, about 0.5.cm square, but it should
be as monochromatic as possible, commensurate with intensity.

It was decided to try soller slit systems to provide the initial
parallel beam and also to collimace the monochromatic beam. The sollier
slic system provides in effect several parallel narrow siits. Medium
and high resolution (MR and HR) soller slits were available with di-
mensions as shown in Fig. II-15.

As indicated previously, provision is made by the manufacturer
only for their use with plates horizontal, In our woctk, chay were used
with the plates vertical, For test purposes they were fixed to the
support, which has positive alignment grooves, with masking tape wrapped
around the soiler siit cage and the support. Tae positions cccupied by

the solier siics and the arrangement used for measuring the energy
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Tesolution are snowa 1o Fig. I1=-15.

Ia escn of the arrangements tested, the output from each indi-
vidual slit of che soller slit system in the number 2 position was
measured, obtaining intensity as a function of photoenergy. The re-
sults for couwbination of the High Resolution slit system in position
2B, near the target, and the Medium Resolution slit system in position
1A, near the tube window, are shown in Fig. II-16.

Pive different soller slit system arrangements were tested in
this way, with the results as shown in Figs. II-17 and II1-13. The
horizontal straight lines on the energy scale indicate spread batwaen
naif-peak iatsnsity points.

Prow these studies, it was apparent that for the different
combinatioas, the total cransmitted intensity varied no wmove than about
2 per cent. However, there were noticeable differences in the photon
energy discribution within the beam, with the combination used in
Fig. II-16 giving the best results. Geometric analysis likewise pre-
dicts that fZor tne soller slit systems we had available, this arrange-
ment woula produce the smallest energy spread.

Returning to fig. iI1-15, we find that for the HR soller slit

system in the 2B position, the dispersion angle is:

can p = 23 = 00546 » B rad. = .00546 x 180 o 3o

1f we asaume thac che system is adjusted to accept 7.1l Kev. photons
for the excraue {grazing) position, the anticipate& wavelangth (and
energy) spreac xzay pe easily estimated.
A, = 2d cos (8 + 0) = 2d cos (51.2 + 0) = 1.743 £ or 7.111 Kev.
Az v 24 cus (6 +3) = 2d cos (51.20 + 0.3) = 1.743 x 62251 _

.626860 ~
= 1,722 A° oe 7.157 Xaev.
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The anticipated spread is thus about + 46 e.v. The exparimesi-
al rvesults in Fig. 1II-16 show no more than 90 e,v. spread to hali
maximum for any ome slit.

Finally, for the case in Fig. II-16, the energy distribution for
the whole beam was obtained Sy graphical integration. The beam intensity
as a function of photon energy is represented in Fig. 11-1%a. This is
the result for one slit. 1In Fig. I1I-19b, the beam intensity as a
function of its position in the beam cross section is shown., Combining
the information in these curves for each measurement position in the
beam crose section, we obtain Fig. 11-20, the energy distribution of
the photons in the whole beam. The energy resolution 1is quite good.

The spread to the half intensity point is only + 35 e.v. Within + 50
e.v., Bl.& pef cent of all the energy is found., Thus, meaningful ifrradi-
ation tests at intervals of 100 e.v. can be carried out,

The interval between the K = ; emission lines for elements
around iron is about 500 e.v. This is important in comparing the use
of the "monochromatic' radiation available from a crystal diffraction
unit with that available by use of fluorescence emission. The closest

emission line to the X absorption edge of iron at 7.11l Kev is the
cobalt K<y line at 6.930 Kev. 1f the effect being sought has a strong
dependence on energy, and is associated with the absorption edge, it

could eagily be missed if only fluorescence radiation were used,
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