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A bstract. Brcnissưaliliuig energy spcctrmn from thin w  target produced by 15 McV incident 
electrons was dctcmiincd by a combination of measurements aiid llicoretical calculation. The 
shape o f spcctrum was calculatcd by Moiilc-Carlo mcdiod using úie code EGS4. The photon flux 
measiưcmcnts were performed based on tlic activation technique using Ú1C higli pure metallic foils.
The radioactivities of Ihc iưadiatcd foils were measured by using a gamma spccừomctcr wiUi a 
high energy resolution HPGe dctcctor. The cxpCTÌmails were carried out at tlie 15 McV electron 
Microưon MT-17 accelerator located at Institute of Physics aiid Electronics, Hanoi.

1. In tro d u c tio n

Electron accelerators w ith m oderate energy are being used tlưoughout the w orld for various 
scientific and  technological fields [1-3], The radiations used at electron accelerators are not only the 
p rim ary  electron beam , but also the secondary  beam s such as breiTisstrahlung photons and neutrons, 
Brem sstrahlung photons are p rod u ced  from  direct interaction o f  fast electrons with the nuclei o f the 
target. N eutrons are generated  m ain ly  from  photonuclear reactions induced by  the brem ssứahlung 
photons. A high intensity gam m a source is a good tool for investigating photonuclear reactions, 
radiation affects m echanism s and  pho to  activation analysis [1-3 '.

In order to analyze m ost experim ents w hen brem m strahlung radiation used, it is necessary to 
know  the absolute m agnitude o f  the brem sstrah lung  specfrim i as a function o f  the photoil energy and 
o f the em ission angle. M any m ethods are available for the investigation o f brem ssfrahlung specừa. 
The theoretical p red ic tion  o f  b rem sstrahkm g spectra has been caư ied  out using different m ethod [4;. 
A m ong them  the sim ulation o f  electrom agnetic cascades by m eans o f  the M onte-Carlo method lias
been slow ly gaining accqDtance.

D espite the relatively  advanced  state o f  the theoretical calculation, a lot o f accurate, absolute 
m easurem ents have been m ade o f  the spectrum  of brem sstrahlung photons [5,6], There are many 
m ethods of m easuring  the b rem sstrah lung  such as direct m ethod using detectors or through the use of 
com pton m agnetic spectrom eters, and  indirect m ethods such as the use o f photoneuứon tim e o f flight 
or activation o f  special m aterials. T he advantages and lim itations o f each m ethod have been discussed 
elsewhere.
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The purpose o f  the presen t work was to investigate the energy spectrum  o f  brem sstrahlung 
photons em itted from  the thin w  target bom barded by 15 M eV electron beam  from  the M icrotron M T- 
17 accelerator at the Institute o f  Physics and Electronics.

In this study, the activation foil technique and gam m a spectrum  m easurem ent was used to 
determ ine the photon flux. The m ain advantages o f this m ethod are high sensitivity, acciưacy and the 
experim ental procedure is ra ther simple and feasible. By this way, the photon intensity can be 
determ ined based on the activ ity  o f  the activated different foils. F rom  the absolute photon fluxes we 
have constructed the brem sstrahlim g energy spectrum  based  on the unfolding technique m 
com bination w ith the specfrum  shape which was calculated using the code EGS4. The EGS4 system  
(EleciTon Shower Gam m a 4) is standard for M onte-Carlo calculations o f  radiation transport [4 7],

2 . E x p e rim en ta l

The M icrotron M T-17 accelerator can accelerate electron beam  up to energy o f  15 M eV and 
produce intense brem ssfrahluiig and photoneutrons. The accelerated electron beam  hits the W -target to 
produce the brem ssữahlung. The dim ension o f the W -target is 40  m m  in diam eter and thickness o f 1 
mm. The induced brem sstrahlung specứum  covers the energy range from  zero to 15 MeV.

D uring our experim ents, the M icrotron M T-17 accelerator was operated w ith  an elecfron 
energy o f  15 M eV  and 10 beam  current. The iưadiation  tim e was 137 m in yielding enough the 
activities to be m easured in a gam m a-ray counting system

In this study, we used  A u and In foils as the threshold  detectors for the photon flux 
m easurem ents. A ll foils em ployed w ere disk-shaped with diam eter o f  20 m m  and w ith thickness o f  0 .1 
mm . For irradiation, the foils was positioned 4 cm  far from  the w  target and at 90 degree with respect 
to the 15 M eV  elecừon beam  dừection. The s in p lif ied  experim ental arrangem ent is show n in F ig .I. 
The m ain characteristics o f  the nuclear reactions investigated and decay data o f  the reaction products 
are presented  in Table 1 [91.

Fig. 1. Experimait arrangement for tlie investigation o f Bremssữalilung from ứie w  target.
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Table 1. Nuclcar reactions used for brcinsslralilung spccừum m casurcm m ts
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Nuclcarrcaclion Threshold
energy,
E,h(MeV)

Half-life,
T ,/2

Main ganuiia - rays Isotopic 
abundance %

Energy (keV) Intensity, %
8.07 6.183 d 333.03 22.9 100

3 5 5 .68 86.9
1091.4 0.15

9.23 49.51 d 190.27 15.4 95.7
588.43 4.39
725.24 4.39

In practice, the m etal foils are activated by photons and radioisotopes form ed after the 
iưadiations w ere identified from  the pulse-height spectrum  by their gam ina photopeak energies and 
half-lives. Their activities w ere determ ined from  gam m a photopeak area and detection efficiencies at 
the photopeak energy. The average activity o f  the activation foils served as photon flux to w hich the 
foils were exposed. The relation betw een the average photon flux, (|), and the num ber o f  detected 
gam m a rays, c , can be expressed as follows:

r  ~  -------------- z----------------------- -------------------------------------------
ơ A ^ „ £ / ^ F [ l - e x p ( - Ẩ í , . ) ] e x p ( - / l ? J [ l - e x p ( - Ẩ / J ]  ^

where: No is the num ber o f  target nuclei; s is the photopeak efficiency o f the detector; is the 
branching ratio or intensity o f the gam m a ray ; \  is the decay constant; F is coưection  factor; t, is the 
irradiation time; td is the decay time or the time betw een end o f  irradiation and start o f counting; tc is 
the m easuring time.
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Fig. 2. Photopeak efficiency curves o f the gamnia spectrometer wiứi HPGe detector — relative efficiency
curve, —  absolute efficicncy curve.



In activation method, the actual results of the m easurem ents are the counting rates o f  the 
irradiated foils. A fter iưadiations and appropriate cooling time, the foils w ere taken o ff and  the 
induced gam m a activities w ere m easured by gamma spectrom eter. It consists o f  a h igh purity  coaxial 
germ anium  H PG e detector (CA NBERRA ), which is coupled to a com puter based  m ultichannel 
analyzer sy stem  The energy resolution o f the system  is 1.8 keV  at 1.332 o f  “ Co standard  soiưce. The 
gam rna spectra were m easured and analyzed by  the program  s 100 (Canberra).

The photopeak efficiency curve o f the gam m a spectrom eter was calibrated w ith a set o f 
standard som-ces such as ^ '  Am , ' ” Cs, “ Co, '^^Eu, ' ” Ba and The m ain steps o f  the procedure are
( 1) to determ ine the relative efficiency curve based  on m ulti-energy gam m a sources and  then (2 ) to 
ti-ansform the m easured relative efficiency curve to absolute one based  on single energy gam m a 
sources. The detection efficiencies w ere fitted by using the follow ing function:
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(2)

where e  is the detection efficiency, a„ represents the fitting param eters, and  E  is the energy o f the 
photopeak. The relative and absolute efficiency cur\’es w ere presented in Fig.2. [5],

3. R esu lts  a n d  discussion

In this investigation, the threshold pliotonuclear reactions ’” Au(Y,n) A u and  In(Y,n) "In 
w ere used  for the photon  flux m easurem ents. The induced gam m a activities w ere m easured by gam m a 
spectt-ometer w ith HPGe detector. Each sam ple was m easured several tim es in order to follow the 
decay o f the different isotopes. Some typical gam m a spectra o f the activated foils under investigation 
are show n in  Fig.3 and  Fig.4, respectively. A fter m aking necessary corrections for the usual 
experim ental errors such as dead time, pile-up, gam m a ray branching ratio, self-absorption o f gam m a 
rays and detector efficiency, the pho ton  fluxes can be derived from  the m easiưed activities based  on 
equation (1). The activation cross sections used in our calculations w ere taken from  reference [9 .

From  the photon fluxes determ ined based on different tlireshold reaction energies, we 
calculated the photon  fluxes per kW  beam pow er, (Ị) (ph.s-'. s r - '.k w ') ,  and presented  in  Table 2.

Table 2 Integral photon fluxes determined based on different ứircslìold reaction energies.

Nuclear reaction E,„ (MeV) () (ph.s-'.sr-’.kW ')
8.07
9.23

(1.06±0.09)xl0”
(7.44±0.67)xl0'°

Follow ing, the d ifferential photon flux in the energy b in  AE -  E,h(In) - Eih(Au) can be derived 

from  the values o f  integral photon  flux as follows:

Aộ= <ị)(Au) - (|)(In) (3)

From  the differential photon  flux we can constructed an absolute brem sstrahlung energy 
specứum  by  a c o ^ in a t io n  w ith  the relative specứum  calculated by  using the code EGS4. The 
obtained brem ssfrahlung specừ um  is presented in Fig.5.
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Fig. 5 show  that the energy spectrum  o f brem ssừahlung is continuous the upper and that equals 
the kinetic energy o f the bom barding electron. The slow ing down of electrons due to ionization losses 
leads to reduction o f the high energy part in relation to low-energy radiation. The shape o f the 
obtained brem sstrahlung spectrum  is sim ilar to that rqDorted by some other authors [8,9].

Gainina rny enei gy (ke\")

Fig. 3, Gaimna-ray spcclrum of Gold foil iưadialed by 15 MeV Brcinssưalilung wiUi ừradiatiou tmie 137 miiij
tiic w aiting  lim e 8817 m m , ai)d tJic m easuring tim e 30 min.

Gnimtiii ray  energy  (keVỊ

Fig 4. G am m a-ray spcctrum  o f  Iiidiiun foil iư ad iated  widi 15 M eV  Brcm sstralilung wiOl ừ rad ia tion  tim e 137 
m in, ứ ie w aiting tim e 3080 mill, aiid Uie m easurm g tim e 30 mill.
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P h o to n  energy  (M eV )

Fig. 5, Brcmsstrahlung spcctrum from W-target bombarded by 15 MeV electrons from MT-17 accelerator.

The m ain  sources o f  the uncertainties for the present results w ere estim ated due to statistical 
errors; (0 .5-̂  1%), the geom efrical factor for iưadiation and m easurem ent o f  the activation foils; 
(9.8-^1.5%), the detection efficiency: (2-^-3%), nuclear decay ckta used such as half-life and gam m a 
branching ratio: (2-^4%).

In this study, in order to  lim it the experim ental eưors, the (y,n) photonuclear reactions for Au 
and In w ere used as activation detectors, because o f their high reaction  cross-section in the energy 
range o f  interest. Furtherm ore, the interferences caused by com peting reactions w ere avoided.

In conclusion, we can say that the obtained energy spectrum  o f brem sstralung  photons are 
useful not only for nuclear data m easurem ents, but also help in understanding the nuclear interaction 
processes involved in  the production o f brem sstrahlung. For practical applications, the obtained data 
are useful in m aking detailed shielding calculations and photo activation analysis.
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