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ABSTRACT

Three different thicknesses of aluminum targets, 0.0025 cm, 0.025 cm,
and 0.32 cm were irradiated with 50-MeV neutral hydrogen atams and the
resultant bremsstrahlung radiation measured. The experimental results are
campared with calculations that include bremsstrahlung by the
projectile’s electron and its cascade, bremsstrahlung by the cascade
electrons that are generated by the projectile nucleus and quasifree-
electron bremsstrahlung. The theoretical and experimental values of the
total yield agree within a factor of three for all target thicknesses and
all bremsstrahlung energies.

Induced by 50 MeV H° Atom Bombardment

I. Introduction

The contimnum of x rays induced by ion bombardment of solids is
important as a background in elemental analysis by particle-induced x-ray
emission (PIXE)l. The variety of physical processes involved in these
emissions has stimulated a great deal of interest in recent years. In the
present work, the effect of the thickness of the target on the
bremsstrahlung yield was determined by the 50 MeV H° bambardment of alumirmum
foils of three thicknesses; 0.0025 cm, 0.025 cm, and 0.32 cm. The
experimental results are campared with calculations that include
bremsstrahlung by the projectile’s electron and its cascade, bremsstrahlung
by the cascade electrons that are generated by the projectile nucleus and
quasifree-electron bremsstrahlung. Relativistic formilae are used. The
slowing-down spectra of both the projectile nucleus and the electrons are
utilized, as well as the spectrum of cascade electrons. The electron
velocity is considered to be isotropic when calculating the angular
distribution of the radiation and the spacial distribution of cascade
electrons is accounted for in an approximate fashion, as is the loss of
electrons through the surface.

II. Experimental Procedures

All of the experiments were carried out on beam line "A" at Argonne
National Iaboratory using 50 MeV neutral hydrogen. Immediately prior to,
and subsequent to, each individual series of experiments the neutral beam
was allowed to traverse the specimen chamber, pass through a metal foil
sealing the beam line and after traveling a short distance in air, to strike



the Faraday cup at the beam stop without interacting with a target. This
permitted the fluence of hydrogen atoms striking the target foils to be
measured directly. The estimated accuracy of the Faraday cup’s
determination of the flux in the beam stop is + 5%. The typical pulse width
was approximately 55 microseconds and the current was 20 nanocamps.

. The x-ray data were recorded with a liquid nitrogen cooled silicon
detector (Sili) (lithium drifted) made by Princeton Gamma Tech (PGT).
Energy calibration of the spectra was obtained by using known standard
elements such as: 99.995% aluminum and 99.9995% copper, as well as the Ka
and Kaz lines of tantalum for the low, middle, and upper energy ranges of
interest, respectively.

The detector efficiency was calibrated with a Fe>> source, produced by
Isotope Products Laboratories, which is traceable to the National Bureau of
Standards. The calibration was carried out at atmospheric pressure where
the absorption due to the air between the source and the detector reduces
the signal by a factor of 0.225. This, together with the reduction of 0.994
due to the 0.00033 inch of beryllium detector window, decreases the source’s
intensity by a factor of 0.224. The source itself experienced an emission
rate reduction from its original value of 2.98x10° to 2.91x10°
photons/second due to radicactive decay over the period of 25 days between
the date of its certification and the carrying out of these experiments.
Since, the geametric factor comprising area of detector and distance between
detector and sample is 5.17x10 > the Fe>> source flux at the detector is
(2.91x10°%) (5.17x107>) (0.224) = 33.7 photons per second, which should have
produced a flux at the detector of 57,290 photons. The total counts under
the experimentally determined spectrum’s two iron peaks was 55,448, so that
the detector efficiency in the range near 6 keV is calculated to be 96.7%.
Canparing this to the efficiency curve supplied by the mamufacturer, which
is listed at 99.29% at 6 keV, yields an uncertainty in the detector
efficiency of about 3%.

The bremsstrahlung radiation produced by 50 MeV neutral hydrogen atoms
on the alumimm foils was measured between 3 keV and 23 keV for the 0.0025
cm target; between 3 keV and 28 keV for the 0.025 cm target and between 3
keV and 35 keV for the 0.32 target.

ITI. Theory

Three mechanisms for contimuum x-ray production are significant under



the following conditions: (1) The specimen’s thickness exceeds the
projected range of the incident and secondary electrons; (2) we assume that
the velocity of the projectile is large campared with the orbital velocities
both of its own electron, and of most of the target’s electrons; and, (3)
the electrons carried by the ion or atam are stripped fram it at a
negligible depth in the target. These mechanisms are: electron
bremsstrahlung (EB), cascade electron bremsstrahlung (CEB), and quasifree-
electron bremsstrahlung (QFEB). The first of these is due to the
projectile’s electrons, while the other two are caused by its nucleus.

These mechanisms are treated separately below.

Although a relativistic formulation is employed, it is assumed that the
projectile is not highly relativistic.

We take the projectile ions or atams to be incident normal to the
surface of a plane-bounded solid, and calculate the differential yield of
photons escaping the target in the backward hemisphere, i.e., from the
surface through which the projectiles enter. '

Electron Bremsstrahlung (EB)

The doubly differential yield, d°¥/dkd(, is defined as the mumber of
phota’nsascapingthetargetwithenexgykiﬁdirectiono, per incident atam,
per unit photon energy, per steradian. Then, dZYEB /dxkdQ is the portion of
the doubly differential yield that is due to penetration by the electron of
the incident atam. Since the angle deperdence of the bremsstrahlung
differential cross section is not great for speeds that are not highly
relativistic, we have ignored the angular deperdence of the differential
production cross section. In the following approximation, dZYEB /ddQ  is
given, for targets thicker than the projected range of the incident
electrons, by the following expression:

{4 T d
_._.dZYEB W X J.Od-r .‘.’3"_(,‘ T) v—it-(k T) (1)
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where # is the mumber of atams strikingthetaxgetperunittime,./l/arﬁl‘o
are, respectively, the initial mmber and initial kinetic energy of
electrons in the incident ion or atam, N is the number density of target



atoms, £ is the target thickness, and do,/dk(k,T) is the energy-differential
cross section for production of bremsstrahlung of energy k by electrons of
kinetic energy T (and velocity v) in collision with target atams. d2n/dxdT
is the number of electrons in the target at depth x that have kinetic energy
T, per unit x per unit T, p is the absorption coefficient of the solid for
photons of energy k and ¢ is the angle of cbservation, relative to the
autward normal of the back surface of the target. We are concerned in this
paper with emission into the backward direction, i.e., through the surface
that is exposed to the incident beam, where §< = /2.

It is often the case that the projected range of projectile electrons is
less than the extincticn length, u~ Y, of x rays in the target. By
assumption, this range is less than the thickness of the target, as well.
Then, a precise description of the rarge distribution of the electrons is
not necessary, and one may replace dzn/dxrn‘ by 5[x—R50(T0) ] e dn/dT, where

5(] is the Dirac delta function, amd Ry (Tp) is the median projected range
of electrons with initial energy Ty- Although this is rather a crude
approximation, it is useful. The effect upon the yield of the electron
range is obtainable, appruximately, by comparison with a calculation in
which Rg is replaced by zero. This effect is seen to be negligible for the
most part in the present application, as discussed below.

In the continuous~slowing-down approximation (CSDA), the quantity
4 “\nryar is given by S,(T) 'R(T,T,), where S (T) is the stopping power for
electrons (energy loss per unit distance traveled) and R(T,To) is the ratio
of the flux of all electrons (primary plus cascade) of Kinetic energy, T, to
that of primary electrons alone 2,

Cambining the above approximations gives, finally:

a2y MR (To) L R(T.To) o,
dkﬁg NN exp(= i‘:oc”f 5, (1) dkkn (2).

Bremsstrahlung produced by collision of the electron with the target - :
electrons is in principle included in do,/dk, but the contribution of this
process to the yields calculated in the present work is negligible.

Cascade Electron Bremsstrahlung (CFEB)

Onemednnisnofpxwxctionofcontimmxraysbybmbardm:mwﬁift



protons is generation of a cascade of fast electrons, which produce
bremsstrahlung in colliding with ataoms of the target. The model used here
for CFB is similar to the one discussed above for EB. Isotropic emission is
assumed, and secondary electrons (arising from proton-target-atom
collisions) created at depth x with kinetic energy T, are assumed to produce
bremsstrahlung at depth x + Ry (Tj) - The doubly differential yield is given
by

A% sz N oE " Omax av u(x+Rgo(To])
dk &t ® T4m J‘ dx J a7y dxdT, exp (- cos @
0 K
T

0  R(T.T.) do
XJ' o) e

daT ——(ﬂ_ K {k.T) (3)

where zp is the atomic number of the projectile amd Tomax is the largest
value of kinetic energy t.hat is less than or equal to the kinetic limit T
and satisfies the condition’ RSO(TOmax)< L- , the maximum energy that
can be transferred to a free electn:n at rest by an ion of velocity v o’ is
approxnmatedbymnvp /(1L -8 p)’ wn'.hB —v /<, andmaxﬂMaret.herest
masses of the electron and the projectlle nucleus, respectively.

d-/Vs/cb:dI‘o is the mmber of secondary electraons created per target atam at
depth x with initial kinetic energy T,., perunitxperunitTo, by a
projectile mucleus moving in the x direction, and is approximated here by

the following extension of a formula given by Fano™:

2

an 1-8
2 N - B ] (4)
dxdTyy = E (T +1 ) 2mc?(Tyt1, )

for T0 < Tm' where n; and Ii are, respectively, the number of electrons and
the ionization potential of the ith shell, in the target atam and vp is the

velocity (taking account of slowing down) at depth x of the projectile.

The above formulation gives a zero yield for photons of energy greater
than Tmo (the Tm value of the incident iocns), where the yield is in reality
finite, though falling rapidly with k. This is adequate for the present

application, where the measurements do not approach or exceed Tho-



Quasifree-Electron Bremsstrahlung (QFEB)

When an ion’s velocity is large campared with that of most of the target
electrons, quasifree-electron bremsstrahlung (QFEB)>'® is generated. In the
frame of the moving ion, the mechanism is bremsstrahlung by the target
electrons. The doubly differential yield for this process is given by the
following expression:

szQFEB 2 ¢ d%
——== =Nz 2 I dx —E (k.8.v ) exp(- =55 ) (5)
dkdn P J,  dken P cos

where Zt is the atamic number of the target atoms, vp is the velocity of the
projectile nucleus at depth x, taking account of the stopping power and
dzap/dde is the doubly differential bremsstrahlung production cross
section for electron collisions with the projectile nucleus, in a frame in
which the electron is initially stationary. This cross section is
approximated here by the product of the plane-wave Born approximation
ex:pression6 and the Elwert factor7, as follows:

2 .
d“a 5 2

it a 2 me 2 2 1 2 26-1
dkc1£7=rE;-szp Tk % L[s“‘ 0*4(“P)(3cos Y.

A
xln[-l-+—2- -%-p(;‘icosze-l)] (6)

where p2 =1 - k/Tr,agl/137, a, is the Bohr radius, arnd fE is the Elwert

factor7, given by
- "_2_ ] - e 2m |
E7lv [l - &2y

with Y, = Zpoz//.‘ip and v ,= Zpa/ﬁz, where 62 is the postcollision relative
velocity of the projectile nucleus and the electron, divided by c. The
cross section goes to zero at k = T where T. is the relative kinetic
energy, approximated by m/M times the kinetic energy of the nucleus.



Calculations

Calculated values of the doubly differential bremsstrahlung yield
3%Y/dkdQ , as well as the separate contributions of the three mechanisms,
are shown in Figs 1, 2, and 3 for 50 MeV hydrogen atams striking alumimm
targets at normal incidence, with an argle of observation, 6 , of 45°.
Three different target thicknesses are considered. The values of T and
Tho for 50 MeV protons are 27.2 and 106 keV, respectively. Values of the
bremsstrahlung production differential cross section dat/dk for electron-
alumimm-atam collisions are abtained by fitting to the results of Pratt et
al.8, who treat single-electron transitions in the relativistic self-
consistent screened potential of the atam. Values of the median projected
electron range Ry, in aluminum are taken from Lane and Zaffarano’. The
cascade factor R(T,T,) ¥ 1 + 0.0221(T, /T - 1)1+21 is obtained by fitting to
results of Spencer ard Attix’. Empirical tabulations are used for the
stopping power of aluminum for electronslo and for pmtonsll, and for the
absorption coefficientlz and shell ionization potentialsn.

The doubly differential yield due to the incident electron (and the
cascade electrons generated by it), d°Yy, /dkdQ, is shown as the dashed
curve in Fiqures 1, 2, amd 3. 'IheEByieldgoestozezuatk=To=27.2
keV. Note that this contribution to the yield is the same for all three
targets. This is because they are all thicker than the median projected
range4of the projectile electron (treated as a 27.2 keV free electron),
2x10 ‘cm.

The yields fram the CEB and QFEB mechanisms are given by the dotted-
chain and dashed—chain curves, respectively. As shown in Figures 1, 2, and
3, the theory predicts that yields from CEB and from QFEB are of the same
order of magnitide, with CEB being the more important mechanism of the two,
throughout most of the photon energy range below T,_., the initial value of
T,. This is in agreement with the calculation of Ishii and Morita®.

'meQFEByieldgoestozeroatk=Tro (i.e., wl'xerekequalstheTr
value of the proton at its initial velocity), in the present model.
Referring to calculations'® (done at lower energies) that take account of
the electron’s motion in the initial state, one expects a finite decrease in
the QFEB yield at k = 27 keV, followed by a tail extending to higher k.
Since the predicted QFEB yield is consistently less than the CEB yield, it



is considered unlikely that a more precise treatment of the QFEB process
would alter the cambined yield significantly.

At the lowest proton energies considered, the yields from the CEB and
QFEB mechanisms are seen to be practically independent of target thickness.
This is because all three targets are thick campared with the photon
extinction depth » ™1 cos 6, which is 3x10 %am at k = 3 keV. However, at
higher k (i.e., where « ' cos 6 is greater than target thickness), both the
CEB and the QFEB yields increase with thickness, since these targets are
range-thin for the 50 MeV proton.

Egs. (2) and (3) for d%Yp, /dkdQ and d°Y gy /dkd contain Ry, (T,) as a
simple way to take account of the effects of electron ranges on the x-ray
vields, as discussed above. These effects, which reduce the x-ray yields,
are probably exaggerated in those eguations. In order to estimate the
magnitudes of these effects (ard hence the possible error), calculated
yields are campared with a secord set of camputations, in which Ry, is
replaced by zero. In the EB process, when Rso is included, the yield is
reduced at the lowest k values (by 24% at k = 3 keV ard 7% at 5 keV), but is
reduced by less than 1% for k > 10 keV. In the CEB mechanism, the factor
exp (-uRg, /cos §) in Eq. (3) leads to a reduction of the yield at small k
(by 54% at k = 3 keV, 30% at 5 keV, 7% at 10 keV, and 1.5% at 20 keV). In
addition, there isthedeperdence3 of Tyray ON Rgp- This has less than a 1%
effect on the 0.32 cm target and less than 6% on the 0.025 cm target, but
becames significant for the 0.0025 cm target, where the reduction is '
negligible at k = 3 keV, but rises slowly to 40% at 20 keV, 60% at 50 kev
and 70% at 70 keV. As far as the total yield, d°Y/dkdQ , is concerned, the
errors introduced in the present calculations by the approximate treatment
of electron range are probably well below 10%, for photon energies above 4
keV, except for the yield of k > 20 keV photons from the 0.0025 cm target.

IV. Experimental Results

Figure 4 compares the experimentally determined bremsstrahlung yields
from the 0.0025 cm, 0.025 cm, ard 0.32 cm alumimum foils, with the \
theoretical predicted total yields for these thicknesses. It is seen thit
at 20 keV, for example, there is almost an order of magnitude charge in the
experimentally determined bremsstrahlung yield corresponding to the almost
order of magnitude change in the foil thicknesses. This is due to the sharp
differences in slope of the yield versus photon energy curves as a function



of foil thickness. The sharp peaks which appear on each of the experimental
curves are due to characteristic Kax-ray lines and to a7 line. The
characteristic lines are due to the beam scattering from the target foils
and striking the walls of the stainless steel test chamber. Chromium, iron,
cobalt, and nickel K a lines can be seen at 5.4 keV, 6.4 keV, 6.9 keV, and
7.5 keV, respectively. The 7 line at 14.4 keV is due to the reaction:

56Fe30 + 1po 57Co30 + 14.4 keVls.

V. Discussion

A camparison of the theoretically predicted bremsstrahlung yields with
experimentally determined values is shown in Figure 4. It can be seen that
the agreement is relatively good and that the shape of the theocretical
curves, their slopes, and their quantitative yields are very close to the
experimental curves for all three thicknesses of alumimum targets. The
experimental yields are larger than the theoretical values by factors which
rarge between 2 and 3, with the error increasing with foil thickness but
decreasirng, saomewhat, with photon energy. A review of the potential errors
introduced by assumptions made in developing the theoretical yields cannoct
account for differences of factors of 2 or 3.

The terms used in the equations for dZYEB /dkdQ , szCEB /dkdQ , and
a2 YQFEB /dkdQ were obtained fram experimental data or empirical tables.
This includes values for the bremsstrahlung production differential cross-
sections, do/dk, the cascade factor R(T,To), the stopping power of aluminum
for electrons and protons, the absorption coefficient, and the shell
ionization potentials. Consequently, it is difficult to conclude that the
errors introduced by the assumptions used inn the calculation of the total
yield can be as large as factors of 2 to 3 which would be required in order
to accammodate the difference shown in Fiqure 4 between the theoretical ard
experimental curves.

However, in considering the details of the experimentally determined
yields, there is a phenomenon which could have contributed to values larger
than the theoretically determined ones. Figure 4 clearly shows
characteristic K a x-ray lines superimposed on top of the general
bremsstrahlung background. These lines are produced by primary and
secondary particles and energetic photons scattering from the foils and
striking the specimen holder and the walls of the stainless steel test



chamber, some of which enter the detector. Moreover, the scattered beam
will strike the target foils again, producing additional bremsstrahlung
radiation. It is noted in Figure 4, that the difference between the
experimental curves and the theoretical curves increases with thickness.
This would be consistent with the suggestion that thicker targets produce
more divergence of the beam arnd thus more "extraneous" bremsstrahlung
radiation from the walls of the chamber. Further support for this
suggestion cames from noting that the intensity of the 14 keV gamma peak
increases by almost an order of magnitude as the thickness of the target
increases from 0.0025 cm to 0.32 cm. Wwhile a quantitative analyses has not
been carried out to determine the extent of this experimentally produced
"extraneous" Bremsstrahlung, a factor of 2 to 3 above the theoretically
predicted value does not seem extreme.
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Figures

Figure 1. cCalculated values of double differential Bremsstrahlung yield
from a 0.0025 an thick Al target bombarded with 50 Mev HC atoms
observed at 45°.

Figure 2. cCalculated values of doubly differential Bremsstrahlung yield
from a 0.025 cm thick Al target bombarded with 50 MeVv H° atoms
observed at 45°.

Figure 3. Calculated values of doubly differential Bremsstrahlung yield
from a 0.32 cm thick Al target bombarded with 50 MeV H° atoms
observed at 45°.

Figure 4. Comparison of experimental and theoretical results of doubly
differential Bremsstrahlung yields, d°Y/dkd , from three
different thicknesses of Al bombarded with 50 MeV H® atoms
observed at 45°,
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