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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 atcms and the 
resultant bremsstrahlung radiation measured. The experimental results are 
ccnpared 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.

Bremsstrahlung Induced bv 50 MeV H° Atom Bombardment

I. Introduction

The continuum of x rays induced by ion bombardment of solids is 
important as a background in elemental analysis by particle-induced x-ray- 
emission (PIXE)1. The variety of physical processes involved in these 
emissions has stimulated a great deed 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° bombardment of aluminum 
foils of three thicknesses; 0.0025 cm, 0.025 cm, and 0.32 cm. The 
experimental results are ccnpared 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 formulae are used. The 
slcwing-dcwn 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. Experimented Procedures

All of the experiments were carried out on beam line "A" at Argonne 
National Laboratory 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 atcms striking the target foils to be 
measured directly. The estimated accuracy of the Faraday cup's 
determination of the flux in the beam step is ± 5%. The typical pulse width 
was approximately 55 microseconds and the current was 20 nanoamps.

The x-ray data were recorded with a liquid nitrogen cooled silicon 
detector (SiLi) (lithium drifted) made by Princeton Gamma Tech (PCT).
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 
and K«2 lines of tantalum for the low, middle, and upper energy ranges of 
interest, respectively.

55The 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 signed, 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 2.98X106 to 2.91xl06 
photons/second due to radioactive decay over the period of 25 days between 
the date of its certification and the carrying out of these experiments. 
Since, the geometric factor conprising area of detector and distance between, _5 55detector and sample is 5.17x10 the Fe source flux at the detector is 
(2.91xl06) (5.17xl0-5) (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%. 
Ccnparinj this to the efficiency curve supplied by the manufacturer, 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 aluminum 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.

III. Theory

Three mechanisms for continuum 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 assamp that 
the velocity of the projectile is large ccnpared with the orbital velocities 
both of its cwn electron, and of most of the target's electrons; and, (3) 
the electrons carried ty the ion or atom are stripped frtan 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 belcw.

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

We take the projectile ions or atcms 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., frcm the 
surface through which the projectiles enter.

Electron Bremsstrahlung fEB^

The doubly differential yield, d Y/dkdft, is defined as the number of
photons escaping the target with energy k in direction 9, per incident atan,
per unit photon energy, per steradian. Then, d2^ /dkdQ is the portion of
the doubly differential yield that is due to penetration by the electron of
the incident atom. Since the angle dependence of the bremsstrahlung
differential cross section is not great for speeds that are not highly
relativistic, we have ignored the angular dependence of the differential2production cross section. In the following approximation, d /dkdQ isr*D
given, for targets thicker than the projected range of the incident 
electrons, by the following expression:

j2Yd’eb fW 
dk dn = ■i.v* I dx exp(- MX

COB 8 0.)

where is the number of atoms striking the target per unit time, and TQ 
are, respectively, the initial number and initial kinetic energy of 
electrons in the incident ion or atom, N is the number density of target



atoms, i is the target thickness, and d<rt/dk(k,T) is the energy-differential
cross section for production of bremsstrahlung of energy k by electrons of

. . . . 2 kinetic energy T (and velocity v) in collision with target atoms. d n/dxdT
is the number of electrons in the target at depth x that have kinetic energy
T, per unit x per unit T, ^ is the absorption coefficient of the solid for
photons of energy k and 0 is the angle of observation, relative to the
outward normal of the back surface of the target. We are concemed in this
paper with emission into the backward direction, i.e., through the surface
that is exposed to the incident beam, where 6 < w /2.

It is often the case that the projected range of projectile electrons is
less than the extinction length, of x rays in the target. By
assurtption, this range is less than the thickness of the target, as well.
Then, a precise description of the range distribution of the electrons is

2not necessary, and one may replace d n/dxdT by 5[x-R5Q(T0) ] • dn/dT, where 
5 [ ] is the Dirac delta function, and R^-qCTq) is the median projected range 

of electrons with initial energy Tq. Although this is rather a crude 
approximation, it is useful. The effect upon the yield of the electron 
range is obtainable, approximately, by comparison with a calculation in 
which Rj-q is replaced by zero. This effect is seen to be negligible for the 
most part in the present application, as discussed below.

In the cxvitinucus-slcwing-dcwn approximation (CSDA), the quantity
^-1Vdn/dr is given by S_(T)-1R(T,Tn), where S^(T) is the stepping power for
electrons (energy loss per unit distance traveled) and R(T,T0) is the ratio
of the flux of all electrons (primary plus cascade) of kinetic energy, T, to

2that of primary electrons alone .

Combining the above approximations gives, finally:

A.EB
dk dD An

NN , — exp(- co» 0
>1 0 R(T.T0) dodT ■¥. i>r\-- dk^k,T)^Try (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 rcRBT

One mechanism of production of continuum x rays by bonbardment by swift



protons is generation of a cascade of fast electrons, which produce 
bremsstrahlung in colliding with atcms of the target. The model used here 
for creB is similar to the one discussed above for EB. Isotropic emission is 
assumed, and secondary electrons (arising frcm proton-target-atcm 
collisions) created at depth x with kinetic energy TQ are assumed to produce 
bremsstrahlung at depth x + R50(TQ). The dcubly differential yield is given 
by

d2yczn V N ,Wx d» m(x-Rm[T0])-J d*J dT0 5x5T0 “P <- -of 9 f )dk dD ^Itt

r 0 R(T.T ) doJ dT-s7Tr-d^(k-T) (3)

where Zp is the atcmic number of the projectile and is the largest
Vcilue of kinetic energy that is less than or equal to the kinetic limit Tm 
and satisfies the condition3 Rt-n(Tnmav.)<H - x. Tm, the maximum energy that
can be transferred to a free electron at rest by an ion of velocity v , is2 2. " approximated by 2mvp /(l - /3 ), with /3p = vp /c, and m and M are the rest
masses of the electron and the projectile nucleus, respectively.
d JVg/dxdTg is the number of secondary electrons created per target atcm at
depth x with initial kinetic energy TQ, per unit x per unit TQ, by a
projectile nucleus moving in the x direction, and is approximated here by, 4the following extension of a formula given by Fano :

dH s
dxdT0

2ttZ 2e4

mV
n5"i

2mc2(T0+Xi) . (-0

for Tq < Tm, where n^ and are, respectively, the number of electrons and 
the ionization potential of the ith shell, in the target atom and vp is the 
velocity (taking account of slewing dewn) at depth x of the projectile.

The above formulation gives a zero yield for photons of energy greater 
than Tm0 (the Tm value of the incident ions), 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 Tm0.



oias-ifree-Electron Bremsstrahlung (OFEB^

When an ion's velocity is large ccnpared with that of most of the target 
electrons, quasifree-electron bremsstrahlung (QFEB)5'6 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:

J%FEB

dkdQ
2NZ Z t P dkdfj

(k.0.vp) exp(- PX
cos 8 ) (5)

where is the atonic number of the target atcms, vp is the velocity of the
projectile nucleus at depth x, taking account of the stepping power and 
2d <rp/dkdft 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 Bom approximation

6 7expression and the Elwert factor , as follows:

dkdii =
2 meT k rto r

sin 0 ♦ p2) (3 cos2 0-1)-

x In 1 » P1 - p
I p (3 cos2 G -1) (6)

2where p = 1 - k/Tr,«=s 1/137, aQ is the Bohr radius, and fE is the Elwert 
factor7, given by

V2 ■j - e-2-r
U1 l - e-27IU2.

with y1 = Zpa/ 0 p and 7 2= Zp<y/32, where is the postcollision relative 
velocity of the projectile nucleus and the electron, divided by c. The 
cross section goes to zero at k = Tr, where Tr 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
2d Y/dkdfi , as well as the separate contributions of the three mechanisms, 

are shewn in Figs 1, 2, and 3 for 50 MeV hydrogen atcms striking aluminum 
targets at normal incidence, with an angle of observation, d , of 45°.
Three different target thicknesses are considered. The values of and 
Tm0 for 50 MeV protons are 27.2 and 106 keV, respectively. Values of the 
bremsstrahlung production differential cross section do^/dk for electron- 
aluminum-atrm collisions are obtained by fitting to the results of Pratt et

Qal. , who treat s ingle-electron transitions in the relativistic self- 
consistent screened potential of the atcm. Values of the median projected. 9electron range in aluminum are taken frcm lane and Zaffarano . The 
cascade factor R(T,T0) = 1 + 0.0221(T0 /T - l)1'21 is obtained by fitting to 
results of Spencer and Attix2. Enpirical tabulations are used for the
stopping pewer of aluminum for electrons10 and for protons11, and for the

12 . 13absorption coefficient and shell ionization potentials .

The doubly differential yield due to the incident electron (and the
2cascade electrons generated by it), d /dkd ft , is shown as the dashedCtO

curve in Figures 1, 2, and 3. The EB yield goes to zero at k = TQ = 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
range of the projectile electron (treated as a 27.2 keV free electron),

-42x10 cm.

The yields frcm the CEB and QFEB mechanisms are given by the dotted- 
chain and dashed-chain curves, respectively. As shewn in Figures 1, 2, and 
3, the theory predicts that yields frcm CEB and frcm QFEB are of the same 
order of magnitude, with CEB being the more inportant mechanism of the two, 
threughout most of the photon energy range belcw T _, the initial value of. . 1:0 14Tr. This is in agreement with the calculation of Ishii and Monta .

The QFEB yield goes to zero at k = (i.e., where k equals the Tr
vcilue of the proton at its initial velocity), in the present model.

15Referring 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 note precise treatment of the QFEB process 
would alter the ccnbined 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 ccnpared with the photon 

—1 . . -4extinction depth m cos 6, which is 3x10 cm at k = 3 keV. Hcwever, at 
higher k (i.e., where ^-1 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.

Eqs. (2) and (3) for /dkdQ and d2YrrR /dkdQ contain R^CIq) as a
simple way to take account of the effects of electron ranges on the x-ray 
yields, as discussed above. These effects, which reduce the x-ray yields, 
are probably exaggerated in those equations. In order to estimate the 
magnitudes of these effects (and hence the possible error), calculated 
yields are ccnpared with a second set of computations, in which R^Q is 
replaced by zero. In the EB process, when is included, the yield is 
reduced at the lowest k values (by 24% at k = 3 keV and 7% at 5 keV), but is 
reduced by less than 1% for k > 10 keV. In the CEB mechanism, the factor 
exp (“JuRgg /cos e) in Eq. (3) leads to a reduction of the yield at snail k 
(by 54% at k = 3 keV, 30% at 5 keV, 7% at 10 keV, and 1.5% at 20 keV). In 
addition, there is the dependence3 of on R^. This has less than a 1%
effect on the 0.32 cm target and less than 6% on the 0.025 cm target, but 
becomes 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, d2Y/dkdQ , is concemed, 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 frcm the 0.0025 cm target.

IV. Experimental Results

Figure 4 cxxipares the experimentally determined bremsstrahlung yields 
frcm the 0.0025 cm, 0.025 cm, and 0.32 cm aluminum foils, with the 
theoretical predicted total yields for these thicknesses. It is seen thAt 
at 20 keV, for exanple, there is almost an order of magnitude change 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 Ka x-ray lines and to a 7 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:
se,, 30 . 1 o Fe + p 57Co30 +14.4 keV16.

V. Discussion

A comparison 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 theoretical 
curves, their slopes, and their quantitative yields are very close to the 
experimental curves for sill three thicknesses of aluminum targets. The 
experimental yields are larger than the theoretical values by factors which 
range between 2 and 3, with the error increasing with foil thickness tut 
decreasing, somewhat, with photon energy. A review of the potential errors 
introduced by assumptions made in developing the theoretical yields cannot 
account for differences of factors of 2 or 3.

The terms used in the equations for d2Yt_ /dkdii , d2Y__ /dkdSi , and 
d^YgFEB were obtained frcm experimental data or enpirical 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 accomodate the difference shown in Figure 4 between the theoretical and 
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 frcm 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 and thus more "extraneous" bremsstrahlung 
radiation from the walls of the chamber. Further support for this 
suggestion canes frcm noting that the intensity of the 14 keV gamma peak 
increases by almost an order of magnitude as the thickness of the target 
increases frcm 0.0025 an to 0.32 an. While 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. Calculated values of double differential Bremsstrahlung yield 
frcm a 0.0025 cm thick Al target bombarded with 50 MeV H° atcms 
observed at 45°.

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

Figure 3. Calculated values of dcubly differential Bremsstrahlung yield 
frcm 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
. 2 differential Bremsstrahlung yields, d Y/dkdft , from three

different thicknesses of Al bombarded with 50 MeV H° atcms
observed at 45°.
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