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ABSTRACT: The proton-induced X-ray emission (PIXE) technique was applied to the identifi- 
cation and analysis of gunshot residues. Studies were made of the type of bullet and bullet hole 
identification, firearm discharge element profiles, the effect of various target backings, and 
hand swabbings. The discussion of the results reviews the sensitivity of the PIXE technique, its 
nondestructive nature, and its role in determining the distance from the gun to the victim and 
identifying the type of bullet used and whether a wound was made by a bullet or not. The high 
sensitivity of the PIXE technique, which is able to analyze samples as small as 0.1 to 1 ng, and its 
usefulness for detecting a variety of elements should make it particularly useful in firearms resi- 
due investigations. 
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The small size of gunshot  residue samples and  the  need for preservation of physical evi- 
dence for possible later use put  restrictions on the scientific techniques available to evaluate 
their significance. For precisely this reason destructive analytical techniques  such as wet 
chemistry, atomic absorption,  or emission spectroscopy might  not  be very convenient  for 
characterizing the presence of certain specific elements present  in small quanti t ies  as traces. 
The above-mentioned techniques,  in contrast  to the technique described here, proton-in- 
duced X-ray emission (PIXE), lack the  required sensitivity and involve t ime-consuming exer- 
cises for a complete mult ielement  analysis of a few samples. The mult ie lement  analytical 
technique known as neutron activation analysis (NAA) has its own limitations [1]. Radio- 
chemical separation may be necessary for the NAA technique and may require several days 
to complete. Moreover, it is insensitive to the  presence of lead, an impor tant  e lement  in gun- 
shot residue studies. Mult ielement  analysis employing X-ray fluorescence could be quite use- 
ful. Identification of gunshot  residues on the hands  by a scanning electron microscope 
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equipped with energy dispersive X-ray analysis capabilities has been described in detail by 
Wolten et al [2]. 

The work of Wolten et al [2] thoroughly documents the state of the art so far as studies of 
hand swabs are concerned. However, it does not say anything about gunshot residue profile 
studies for estimating the firing distance, which will be discussed below for the present inves- 
tigation. Moreover, the X-ray cross section for electrons is about the same in the 10 to 100 
keV range as for MeV protons. The background, which is dominated by direct bremsstrah- 
lung produced by the beam, is much greater, however, because of the smaller mass of the 
electron. This gives an increased background compared with proton excitation, between 
three and four orders of magnitude higher. Hence, the limit of detection is rather higher, as 
has been pointed out by Johansson and Johansson [3]. 

The present paper gives results obtained by the PIXE technique on firearms identification 
and related problems. The discussion includes the sensitivity of the technique, its nondes- 
tructive nature, and its role in determining the distance from the gun to the victim and iden- 
tifying the type of bullet used and whether a wound was made by a bullet or not. Some recent 
articles on firing distance are given as references [4--10]. To the best of our knowledge, this is 
the first time that the PIXE technique has been applied extensively to study the firearms res- 
idue problem in forensic science. Several review articles [11-13] and the references therein 
summarize the theoretical aspects of the PIXE technique. 

Materials and Methods 

A proton beam accelerated by the 2-MV Van de Graaff accelerator at the Indian Institute 
of Technology in Kanpur was momentum-analyzed, focused by quadrupole magnets, and 
allowed to pass through a system of collimators and was incident on a target at the center of 
a specially designed scattering chamber. The X-rays emitted from the target were detected 
by a Si(Li) photon detector and analyzed in a multichannel analyzer. Some of the features of 
the experimental setup are described further below. The experimental arrangement may be 
broadly divided into three parts: target preparation, the scattering chamber and beam col- 
limators, and the X-ray detector system and its accessory electronics. 

Target Preparation 

The preparation of suitable targets is of prime importance in PIXE analysis. For the fire- 
arm discharge studies, the targets were prepared under laboratory conditions by firing dif- 
ferent types of bullets onto a pair of Whatman filter papers, as shown in Fig. 1. The firing 
distances used were 15, 25, 38, 76, 127, and 250 cm. The back filter paper blocked possible 
contamination by recoil from the backing material onto the front filter paper. All the firings 
except three were performed with cotton wool as the backing material for the filter paper tar- 
get. In the remaining three cases, the backing materials used were aluminum, glass, and 
goat meat. 

The targets were placed inside the scattering chamber facing the proton beam at 45 ~ , as 
shown in Fig. 2. Five specimens could be mounted at a time inside the target chamber, per- 
mitting tests to be run one after another on all five specimens without breaking the scatter- 
ing chamber vacuum. 

Scattering Chamber and Beam Collimation 

The scattering chamber, which was made of aluminum, was cylindrical and coupled with 
a Si(Li) detector as shown in Fig. 2. The chamber had viewing ports, a multiple target 
holder, a Faraday cup with electron suppressor, and graphite collimators for the Si(Li) de- 
tector. An externally operated filter wheel containing Mylar | filters of different thicknesses 
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FIG. 1--Preparation of the targets. 
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FIG. 2--Scattering chamber, showing the target placement and the detector assembly. 

and located in front of the graphite collimator was used to absorb low energy X-rays when- 
ever necessary for controlling the count rate. An electron gun facing the target was used to 
neutralize the positive charge build-up encountered in nonconducting and thick targets. The 
use of the electron gun considerably reduced the background coming from bremsstrahlung 
radiation in the PIXE spectrum. 

In order to obtain a homogeneous beam, protons were allowed to pass through a 0.4-/~m- 
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thick nickel diffuser foil. The size of the diffused beam spot on the target was limited by a set 
of collimators. In firearm discharge element profile studies, one of the collimators was re- 
stricted to a small hole, 1.00 mm in diameter, to define precisely the position of the proton 
beam spot on the target. The charge collected on the nickel foil served as a monitor of the 
proton flux on the target. The validity of charge normalization by monitoring the diffuser 
foil charge for the thick target was checked by using thin targets. 

Detector Systems 

A high-resolution ORTEC Si(Li) X-ray detector having a resolution (full width at half 
maximum intensity) of 170 eV at 6.3 keV was used in the present investigation. The detector 
was placed at 90 ~ to the incident beam. This arrangement allowed the detector to be moved 
very close to the target so that a larger solid angle could be used. The pulses from the cooled- 
FET (field effect transistor) preamplifier were fed into a research amplifier (ORTEC 450) 
and then to a multichannel analyzer and a scalar. The count rate at the detector was kept 
less than 1000 cps to avoid any deterioration in the system resolution resulting from pile-up 
effects. The count rate was also controlled with the help of a filter wheel containing four re- 
placeable Mylar X-ray filters of varying thicknesses that could be placed between the target 
and the detector. The particular Mylar filter was selected according to the known X-rays of 
the target in use. The multichannel analyzer was calibrated from the known X-ray energies 
emitted by standard nuclear sources like 57Co and 241Am to determine the energies of the 
observed X-ray peaks. Further details of the complete experimental setup are given else- 
where [14-16]. 

Results and Discussion 

The results have been grouped as follows: (1) investigations of the type of bullet used and 
bullet hole identification, (2) firearm discharge element profile studies for determining firing 
distance, (3) the effect of various backing materials on the pattern caused by the bullet, and 
(4) residue studies of hand swabbings. 

Type of Bullet and Hole Identification 

Figure 3 represents one typical PIXE spectrum taken by irradiating the contact ring (bul- 
let hole entrance) with the proton beam. This clearly shows the presence of the major firearm 
discharge elements, namely barium, tin, and lead. The expected L line X-ray peaks of anti- 
mony from firearm discharge are masked by the large K line X-ray peaks of calcium origi- 
nating from the filter paper. The other small peaks in the spectrum result from impurities in 
the bullet materials. For bullet holes from a copper-jacketed bullet, the spectrum shows 
strong copper peaks, which were not observed in the ease of an unjacketed bullet. This dem- 
onstrates that just by irradiating the contact ring with the proton beam, one can readily de- 
termine whether the bullet was copper-jacketed or not. Two kinds of cartridges were used for 
the present investigation and the firearm used was a .38 caliber Webly & Scott revolver No. 
2213. The nature and pattern are similar for the P1XE spectra obtained using copper- 
jacketed Kirkee Factory (KF) .38 revolver cartridges, as is the case with the PIXE spectra 
obtained by firing unjacketed KyNOC | .38 Smith & Wesson cartridges. It is hoped that the 
distinctive nature of the PIXE spectra obtained from the contact ring might be sufficient to 
determine whether a wound was made by a bullet or not. 

Firearm Discharge Element Profile Studies 

Spectra were taken for gunshot residue samples 2, 4, and 6 mm away from the contact 
ring. Such spectra were also taken along the four radial directions (north, south, east, and 
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FIG. 3--Typical PIXE spectrum of the contact ring (bullet hole entrance) of an unjacketed bullet. 
The energy calibration is 1 channel = 43,5 eV. 

west) by cutting four strips of filter paper along these directions and subsequently irradiating 
them. After the PIXE run they were reassembled; Fig. 4 illustrates the nondestructive nature 
of the PIXE technique. The spots represent the points where the proton beam hit the target 
while recording PIXE spectra. 

From each PIXE spectrum the intensities of the firearm discharge elements barium, cop- 
per, iron, and lead were calculated and normalized to the respective proton beam charges. 
Figure 5 shows the radial distribution of the intensities of the various elements for a firing 
distance of 15 cm. Such data were also plotted for firing distances of 25, 38, and 76 cm (these 
plots are not shown). For longer firing distances no profile studies could be made as the in- 
tensities decreased sharply. The radius of the contact ring was also taken into account in 
these plots so that the distances plotted on the x axis measured the same as the distance from 
the center of the contact ring. The intensity of the peak decreased with the radial distance, 
but the firearm discharge elements could be detected even for radial distances of 40 mm for 
some firing distances. The profiles also showed a systematic decrease in the intensity of the 
peaks of the respective elements with increases in firing distance. For the cases of the firing 
distances of 127 and 2S0 cm no profile could be obtained because of the sharp decrease of in- 
tensity away from the center of the hole. However, the contact rings still indicated the pres- 
ence of the firearm discharge elements. Element profiles were also plotted so as to show a di- 
rect comparison among the intensities at different firing distances. Figure 6 gives such a plot 
for lead for four firing distances, 15, 25, 38, and 76 cm. From comparisons with firearm dis- 
charge element profiles corresponding to known firing distances obtained by firing known 
sets of bullets it might be possible in an actual case to identify the type of the bullet used and 
to make a tentative assignment of the firing distance. 

Targets with Various Backings 

The placement of the two filter papers (Fig. 1) and variations in the backing material had 
a marked effect on the back filter paper [17]. To check this, a glass plate, an aluminum 
plate, and goat meat were used as backings. For the firearm discharge element profile 
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FIG. 4--Assembled proton-irradiated target strips used hz the study of  the variation of  the profile 
along the four directions for a copper-jacketed bullet f ired at 15 cm. 

I00 _ 

).. 
l- 

z 
ILl 
p- I0__ 
Z 

uJ 

i- 
<c 
_J 
bJ 
,-,- T.O_ 

0.1 
0 

�9 Fe 
o Cu 
x Pb 
A Ba 

I I I I 
I0 2O 3O 

DISTANCE FROM THE CENTREOF BULLETHOLE(mm) 

FIG. 5--Radial distribution of  the intensities of  the firearm discharge elements for  firing distance of  
15 em. Representative error bars are shown. 
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FIG. 7--Photograph of the side of  the back filter paper that was in contact with the glass backing 
(firing distance of 180 cm). 
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studies cotton wool was generally used as the backing material; there was no visible effect on 
the face of the back filter paper touching the cotton wool. Similar results were observed with 
the aluminum and meat backings, although the PIXE spectra at the contact rings showed 
traces of lead and some other associated elements. Glass, however, gave very different 
results. Figure 7 shows a photograph of the side of the back filter paper that was in contact 
with the glass backing. Figure 8 presents two PIXE spectra taken at the contact ring and 4 mm 
away from the contact ring, along one of the black streaks shown in Fig. 7. It clearly shows 
the dominance of lead over other firearm discharge elements. The PIXE spectra from the 
back filter papers used with aluminum and goat meat backings did not show any significant 
presence of the gunshot residue elements. 

Swabbing 

Swabbings from the back of the hand, if taken early from suspects, can be valuable to a 
forensic science investigator, assuming that the suspect has not cleaned off his hands by 
washing or rubbing. By subjecting the swabs to PIXE studies it might be possible to detect 
the presence of the firearm discharge elements on the back of the hand. Keeping this in 
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FIG. 8--The PIXE spectrum taken at the contact ring and at a point 4 mm distant from the contact 
ring along a black streak from Fig. Z The energy calibration is 1 channel = 43.5 eV. The arrows indi- 
cate the relevant scales for the two spectra. 
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mind various swabbings of firearm discharges on the back of the hand were taken on What- 
man filter papers moistened with dilute acetic acid. These filter papers were subjected to 
PIXE studies. Figure 9 represents one such typical PIXE spectrum. The PIXE spectrum 
taken from the hand swabbing clearly showed the presence of the firearm discharge elements 
copper, lead, iron, tin, and barium. 

Summary and Conclusions 

The PIXE technique has been applied to study the firearms residue problem in forensic 
science. Studies of firearm discharge element profiles around the bullet hole entrance have 
indicated that the firing distance could be estimated by the PIXE technique. This technique 
can also be used to identify the type of bullet and the cause of a wound--that is, whether it 
was made by a bullet or not. Spectra from hand swabs show that the sensitivity of the PIXE 
technique can help to screen out suspects who have not handled a gun. 

The high sensitivity of the PIXE technique, which is able to analyze samples as small as 
0.1 to 1 ng, and its usefulness for detecting a variety of elements, should make it particularly 
valuable in firearms residue investigations. 
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