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ON TERTIARY X-RADIATION, ETC.

BY GEORGE L. CLARK AND WILLIAM DUANE
JEFFERSON LABORATORY, HARVARD UNIVERSITY

Communicated December 3, 1923

In two notes! in these PROCEEDINGS for December 1923 we have de-
scribed experiments on secondary X-radiation produced by primary X-
rays from a tungsten target falling on secondary radiators consisting of
various chemical elements. Measurements with an accurate spectrometer
showed that within the limits of error (about .19,) the scattered radiation
had the same wave-lengths as the primary X-rays, and that the fluorescent
radiation had the same wave-lengths as the line spectra of the chemical
elements obtained when they were used as targets. Further, evidence
appeared of radiation in the case of a copper secondary radiation that may
be interpreted as tertiary radiation due to the bombardment of the copper
atoms by photo-electrons ejected from them by the primary rays. This
tertiary radiation occupies a band in the spectrum that is broader than the
lines in the primary radiation. The short wave-length limit of a tertiary
radiation band may be calculated from the formula

hll = hlll + hllz (1)

where », », and v, are the frequencies of the primary, the limit of the ter-
tiary radiation and the critical absorption of the secondary radiator, re-
spectively. From this we get the following equation for the difference
between the short wave-length limit of the tertiary and the wave-length
of the primary rays,

x2

M- A= : 2
; Y @

The formula indicates that the wave-length shift, \; — A, increases if the
critical absorption wave-length, e, of the secondary radiator decreases.
The critical absorption wave-length of a chemical element grows smaller
as the atomic number of the element increases. Hence, by taking a second-
ary radiator consisting of a chemical element of higher atomic number
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than copper (N = 29), the wave-lengths of the tertiary radiation ought
to shift towards a larger value.

The object of the present note is to describe experiments in which we
have used molybdenum (N = 42) and silver (N = 49) as secondary
radiators, the primary rays coming as before, from a tungsten target.
Figure 1 in the first of the two notes above referred to illustrates the ar-
rangement of the apparatus, the only change made being the substitution
of plates of metallic molybdenum and silver as secondary radiators.

The curves in the figure of this note represent the spectrum of the radia-
tion from a molybdenum plate due to primary radiation from the tungsten
target of the X-ray tube. The curves give the ionization currents for
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different settings of the crystal of the spectrometer on one side of the zero
of the instrument only. The corresponding data for radiation on the
other side of the zero were obtained and from them the exact zero for the
setting of the crystal table was estimated to be at 201°4’30”. The three
peaks at the extreme left of the curve in the figure correspond to the g,
a;, and a, lines in the K series of tungsten, as represented in the scattered
radiation from the molybdenum plate. We wish to call attention especially
to the fact that the resolving power of the spectrometer sufficed to separate
the a; and a; lines from each other.

. Further along in the spectrum, at an angle of about 204°50’, the second
“order spectrum of these same lines begins. Here the tungsten « line, as
well as the 8, ) and ay, appear separately. Further along still, the third
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order spectrum of the v and g lines appears at angles of about 206°10’ and
206°20’, respectively. The peaks corresponding to the third order re-
flections of the a; and o lines fall close to and are intermingled with the
v and the B lines of the fluorescent K series spectrum of the molybdenum
plate. 'All four of these lines appear separated from each other and the
fact that they lie so close together furnishes an excellent means of com-
paring the wave-lengths of the molybdenum fluorescent spectrum with
those of the scattered radiation corresponding with the tungsten spectrum.
Much of the secondary radiation is produced within the substance of the
molybdenum plate ahd before these rays reach the spectrometer they
must pass through some molybdenum. The critical absorption of the
molybdenum, the wave-length of which lies very close to the limit of the
molybdenum K series spectrum, is shown on the curve as an abrupt rise
at 206°56’. The two peaks at the extreme right of the curve represent
the oy and a; lines in the fluorescent K series of molybdenum.

TABLE I '

SECONDARY AND TERTIARY RADIATION FROM MOLYBDENUM DUE T0 PRIMARY RADIA-
TION FROM TUNGSTEN

Wave-Lengths Are Given in Angstroms.  Zero of Crystal Table Angle = 201°4'30"

WAVE- WAVE-LENGTH .
CRYSTAL TABLE ANGLE, 0, OF ORDER, %#,0F LENGTH ENOWN OR  CHARACTER OF
READ! INCIDENCE SPECTRUM #1A = 2dSING@ CALCULATED RADIATION

202°49'30" 1°45'00" 1 .1849 .1842 Tungsten K8
203° 2'55" 1°58"25" 1 .2086 .2086 Tungsten Koy
203° 640" 2° 210" 1 .2148 .2134 Tungsten Ka;
203°10"22"  ...... 1 . e Tertiary from L~

: Electrons
203°24’00" 2°19’30" 1 .260 .262 Tertiary f. W8
203°54'00" 2°49'30" 1 311 315 Tertiary f. Wa
204°28'00" 3°23'30" 2 1792 .1790 Tungsten Kvy
204°33'50" 3°29"20" 2 .1843 .1842 Tungsten K
205° 1'30* 3°57'00" 2 .2086 .2086 Tungsten Ko,
205° 700" 4° 230" 2 .2135 2134 Tungsten Ka,
206° 920" 5° 450" '3 .1789 1790 Tungsten Ky
206°19’00" 5°14'30" 3 .1844 .1842 Tungsten K8
206°55'50" 5°51'20" 1 .6180 .6184 Mo. Absorption
206 °57'00" 5°52'30" 1 .6199 .6197 Molybdenum Ky
207°00'15" 5°55'45" . 3 .2085 .2086 Tungsten Koy
207° 3'00" 5°58'30" 1 .6307 .6311  Molybdenum K§8
207° 8’45 6° 4'15" 3 .2135 2134 Tungsten Ko
207°47'10" 6°42'40" 1 7078 .7078 Molybdenum Koy
207°50"00" 6°45’30" 1 7126 7121 Molybdenum Koz

As indicated in table I, the wave-lengths of the X-rays corresponding
to these various peaks agree very closely with the measured and recorded
wave-lengths of the K series lines of tungsten and of molybdenum, so that
the data furnish additional evidence of the general correctness of the
theory that scattered radiation has, essentially, the same wave-lengths
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as the primary and that the wave-lengths of the fluorescent lines produced
in a chemical element by primary X-rays are the same as those produced
by the bombardment of electrons.

In addition to the peaks corresponding to the scattered and fluorescent
radiation, several humps appear on the curve at A, B and C, respectively.
These humps correspond to wave-lengths that agree very well with the
wave-lengths of the tertiary radiation due to the bombardment of the
atoms by the electrons emitted by the primary radiation. If we substitute
in equation (2) for N the wave-length of the o line in the K series of tungs-
ten, namely .2086, and for \; the critical absorption wave-length in the
K series of molybdenum, namely .6184, we find that the tertiary radiation
due to the photo-electrons emitted by the tungsten a lines should have
a short wave-length limit, equal to .315. Calculating from this the angle
at which the corresponding rise in the curve should begin, we find that
it ought to start at the point marked A in the figure. The hump beginning
at this point, therefore, and lying to the right of it, represents tertiary radia-
tion due to the electrons from the K level in molybdenum atoms that are
ejected by the X-rays belonging to the primary « lines in the K series
of tungsten. A similar calculation for the electrons emitted from the
K levels of molybdenum by the tungsten 8 line rays shows that the hump
corresponding to the tertiary radiation in this case should begin at the
point marked B in the diagram. According to the above calculations,
the point marked A should lie 1° to the right of the peak representing the
ay line of tungsten, and the point marked .B should lie 30’ to the right of
the same peak. It must be remembered, however, that in estimating the
positions of the points A and B, a certain correction has to be made for
the angular breadth of the incident beam of X-rays. . This correction
amounts to half the breadth of a peak corresponding to a single line.
What amounts to the same thing, however, is that the point A should lie
1° to the right of the point on the curve where the tungsten a; peak begins
to rise, and the point marked B should lie 30’ to the right of the same point.
Since the short wave-length limits of the two humps marked A and B
actually fall so close to their theoretical positions, there can be no doubt
but that the humps represent the tertiary radiation due to the electrons
ejected from the K levels of the molybdenum atoms by the primary «
and B radiation of tungsten.

There is evidence at the point C on the curve of some excess radiation.
This may be interpreted as tertiary radiation due to the ejection of elec-
trons from the L levels of the molybdenum atoms by the primary Kea
X-rays. Calculation from formula (2) shows that the short wave-length
limit of the tertiary radiation in this case should lie only about 5’ to the
right of that of the primary rays falling on the plate. The breadth of a
hump representing tertiary radiation, however, being much greater than
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the breadth of a peak representing a primary line, part of the tertiary
radiation shows itself beyond and to the right of the « peaks.

Table I contains the numerical data in some detail. Column 1
contains the actual readings on the spectrometer scale of the various char-
acteristics represented on the curve. Column 2 contains the angles of
incidence, 6, corresponding to the readings in Column 1. Column 3 con-
tains the order of the spectrum and column 4, the wave-lengths, expressed
in dngstréms, calculated from the ordinary Bragg equation. In comput-
ing the short wave-length limits of the tertiary radiation from tungsten
« and tungsten B lines, the correction for the breadth of the incident beam
has been made. Column 5 contains the wave-lengths of the tungsten and
molybdenum K series lines that have been measured in our laboratory
and, in addition, the short wave-length limits, A;, of the tertiary radiation
due to the tungsten « and tungsten B lines, as calculated from equation
(2). The data show a very close agreement between observed and pre-
viously recorded wave-lengths of tungsten and molybdenum K series
lines and a good agreement (less than !/,9;) between the observed and
calculated values of the wave-length limits of the tertiary spectra.

In this experiment the secondary beam emergent from the molyb-
denum radiator at an angle of 90° from the primary beam was analyzed.
At angles of 45° and 185° the short wave-length limits of the tertiary ra-
diation humps are found experimentally to have precisely the same an-
gular displacements from the point where the tungsten o, peak begins to
rise as at 90°. Depending upon such factors as filtration, however, the
shapes and angular positions of the maxima of the humps differ greatly.
The highest points on the humps move towards larger angles (and wave-
lengths) with increase in the angle between primary and secondary beams.
Comparative curves will be published later.

An experiment has been performed with silver as a secondary radiator
similar to that above described for molybdenum. The curve representing
the data shows (a) peaks corresponding to the tungsten line spectrum
reflected in the first, second and third orders, respectively, of the scattered
radiation, (b) other peaks representing the fluorescent K series lines of
silver, and (¢) broad humps corresponding to the tertiary radiation pro-
duced by the photo-electrons ejected from the silver atoms by the primary
rays from the tungsten target. The peaks representing the 8 and + lines
in the fluorescent K series of silver lie between the second and third order
spectra of the tungsten lines, and those corresponding to the o; and o
fluorescent lines of silver lie between the 8 and y peaks and the o; and
ap peaks . in the third order spectrum of tungsten. In other words, the
fluorescent K series silver lines have shorter wave-lengths than those of
molybdenum. This, of course, was to be expected, for silver has a higher
atomic number (47) than molybdenum (42). Further, the humps corre-
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sponding to the tertiary radiation from silver lie further away from the
first order tungsten peaks than in the case of molybdenum. The hump
representing the tertiary radiation from tungsten « lines fall in the region
of the spectrum where the second order reflections of the tungsten 8 and
tungsten 4 lines lie. Its short wave-length limit lies at an angular dis-
tance of 1°29’ from the short wave-length edge of the tungsten a; peak.
Computation from equation (2), using the wave-lengths of the tungsten
o, line (.2086) for N and that of the critical absorption of silver (.4850)
for N\, gives for the wave-length shift .1574 4ngstrom. This corresponds
to an angular shift on the scale of our calcite crystal of 1°29/35”. Simi-
larly, the short wave-length limit of the tertiary radiation due to the
tungsten S line falls at an angle 6 equal to 2°41'40", whereas, theoretically,
from equation (2) it should lie at 2°42’.

There is also a small prominence just to the right of the o; and o peaks
in the first order which corresponds with the tertiary radiation due to the
ejection of electrons from the I, levels of silver atoms by the tungsten
a rays.

TABLE II

SECONDARY AND TERTIARY RADIATION FROM SILVER DUE TO PRIMARY RADIATION
FROM TUNGSTEN

Wave-Lengths Are Given in Angstréms. Zero of Crystal T'able Angle =201°6'40"

WAVE- WAVE-LENGTH
CRYSTAL TABLE ANGLE, 0, OF ORDER, #, OF LENGTH KNOWN OR CHARACTER OF

READING INCIDENCE SPECTRUM %A= 2dSINO CALCULATED RADIATION
199°22'30" 1°44’10" 1 .1835 .1842 Tungsten K8
199° 830" 1°58'10" 1 .2081 .2086 Tungsten Kay
199° 530" 2° 1'10” 1 .2134 2134 Tungsten Ko
199° 20" 2° 4'30" 1 Tertiary from L

Electrons
198°25’ 0" 2°41'40" 1 .296 297 Tertiary f. W
197°46’ 0”. 3°2040" 1 .365 .366 Tertiary f. Wa
197° 9'50” 3°56’50" 2 2084 .2086 Tungsten oy
197° 3'55" 4° 245" 2 .2136 2134 Tungsten a;
196°28’ 0" 4°38'40" 1 .4904 .491 Silver Kvy
196°22’ 0" 4°44'40" 1 .5009 .501 Silver KB
196° 1'30” 5° 510" 3 .1790 .1790 Tungsten Kvy
195°52'30" 5°14’10" 3 .1842 1842 Tungsten KB
195°47'10" 5°19'30" 1 .5620 .562 Silver Koy
195°44'10" 5°22'30" 1 .5672 .567 Silver Kae
195°10'45" 5°55'55" 3 .2086 .2086 Tungsten Koy
195° 2'10” 6° 430" 3 .2136 .2134 Tungsten Ko

The very close agreement between the observed wave-lengths of the
various characteristics of the silver curve and the wave-lengths previously
observed of the tungsten and silver K series lines, together with the cal-
culated values of -the short wave-length limits of the tertiary spectra can
be seen from table II. The first and second columns of this table contain
the actual readings on the spectrometer scale corresponding to the various
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features and the values of the glancing angle of incidence, 6, calculated
from them. The third column contains the order of the spectrum and the
fourth column the observed wave-lengths computed from Bragg’s equa-
tion: N\ = 2dsin . ‘The fifth and sixth columns contain, respectively,
the known and recorded wave-lengths of the K series lines of tungsten
and silver and the calculated wave-lengths of the short wave-length limit
of the tertiary radiations, and the character of the radiation represented
by each peak and hump.

The conclusions to be drawn from the experiments described in this
and the two preceding notes may be summarized as follows: We have
examined secondary radiators consisting of some fifteen different chemical
elements whose atomic numbers range from 6 (that of carbon) to 60 (that
of neodymium). The radiation from the secondary radiator produced
by the primary rays consists of a continuous spectrum beginning at a
short wave-length limit and extending toward the longer wave-lengths.
This spectrum may be regarded as produced mainly by the primary con-
tinuous spectrum. Upon the secondary continuous spectrum are super-
posed peaks representing (a) the scattered ljadiation from the K series
line spectra of tungsten reflected in the first, second and third order spectra.
These peaks correspond to wave-lengths that are equal to those of the
primary rays to within experimental error (.1%); (b) peaks representing
the K series fluorescent line spectra of the secondary radiator, where these
lie within the range of the spectrum examined; the wave-lengths corre-
sponding to these peaks equal the wave-lengths of the primary K series
lines of the respective chemical elements to within the limits of error of
measurement (.19, in the case of molybdenum); (¢) humps, the short
wave-length limits of which correspond to their theoretical values, as
calculated from equation (2) and which, therefore, represent tertiary radia-
tion from electrons ejected by the primary tungsten lines. We have not
observed any marked characteristics of the radiation that cannot be ex-
plained as due to the above-mentioned causes. In particular, we have
not observed on any of our curves, peaks which correspond to a shift of
exactly .024 &ngstrém (an angular shift of 13 to 14’ in the position of the
reflecting crystal), which should occur if the incident X-ray quanta de-
livered their energy and momentum to single electrons; according to
Compton’s theory.

1'These PROCEEDINGS, 9, December, 1923.



