
3 - 3 X- ray Correlation Photoacoustics 

Analysis of Layered Materials 

for Depth Resolved 

Introdu ction 

Cor r e I at ion photoacoustic spectra of the f i r s t 

k i nd2-4. 33> provides information on the thermal and 

structural properties of the sample, since the signal from 

the surface layer has a short delay time while that from the 

deep 1 aye r has a longer delay time. AI though the 

convention a 1 photoacoustic method 

of the phase delay 

gives similar 

technique 6
• 

information 

by the use the c r oss 

correlation method gives more detailed and straight toward 

information tha n the conventional one for understanding the 

thermal and structural properties of multi layered samples. 

Moreover , within the conventional technique which uses a 

regular interval modulation system, if the output signa I 

contains a number of components with different delay times, 

one cannot virtually separate each co mponent since they are 

observed as a composite signal both in phase and amp! itud e. 

It is noted, in the present study, that both an X- ray 

tube and synchrotron radiation are used as excitation 

sources. X- ray photoacoust ic measurements using 

convent ion a I X- ray tube as an excitation source can be 

easily conducted, and is very convenient when combined with 

other techniques such as X- ray fluorescence etc. 9
" 

37
" 

38
>. 
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Apparatus 

Figure 3 - 3 - 1 is a schematic diagram of the experimental 

arrangement. The photo a co us t i c c e I I used has beryllium 

windows and is similar to that described in a previous 

chapter (3 - 2). A monochromatic X- ray beam, white X- ray 

and visible light beam were used as excitation sources. 

experiment involving the use of excitation 

beam 

The 

0 f 

monochromatic X- ray beam was conducted at beam I ine BL - lOC 

at the Photon Factory (National Laboratory for High Energy 

Physics, KEK, Tsukuba), 

1. 48~ and focused to a 

and was monochromated to 1. 30A 

3mmX2mm area on the sarnp I es. 

or 

The 

white X- ray beam was from a built - in type X- ray tube with 

copper target (40KV, 20mA) and was narrowed and collimated 

by lead collimator with a diameter of about 8mm. In 

case of the photoacoust ic measurements with vis i b I e 

excitation, the upper beryllium window of the ce I I 

replaced with a quartz window of lmm thickness. The 

beam from a 500W xenon arc lamp was fi I tered with the 

the 

i gh t 

was 

ight 

use 

of UV cut (TOSHIBA, Y44) and IR cut (TOSHIBA, IRA - 255) 

f i I t e r s and was focused to spots of 2 to l3mm diameter on 

the specimen. A mechanical random chopper containing two M-

series of pseudo random binary sequence (n :::: 31, where n is a 

number of on - off units in one series) was used to modulate 

the excitation beam. Chopper speed was varied from l.2 to 

rot at ion per second (RPS). In this experiment , the time 

89 



Ch 

------> 

s 

Fig. 3 - 3 - 1. Schematic diagram of the experimenta l arrangement. 

Ex, excitation beam (monochromated X- ray beam of 

synchrotron radiation, white X-rays from X- r ay 

tube with copper target or v isibl e I ight from 

Xe arc I amp); Ch, M- series random chopper; 

c. photoacoustic cell; P, preamplifier; s. FFT 

s i g n a I an a I y z e r ; XY - P , XY - pI o t t e r. 
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resolution 0 f the measuring system was determined by th e 

rotating speed of the chopper and number of on - off units in 

the chopper b I a de, and was calculated to be 13 or 4ms 

(l I 2 nr), n = 31, r :c l. 2 or 4, where r is the rotational speed 

at 0 f the chopper. The reference signal was obtained 

photocoupler 

photoacoust ic 

installed at the chopper. The preamplified 

signa I and the reference sign a I from the 

chopper were introduced into a FFT analyzer (ADVANTEST, 

TR9403), where the calculation of cross correlation betwe e n 

these signals was conducted and integrated up to 128 times. 

Sample materials 

Figure 3 - 3 - 2 (a - c) shows the model samples, types I, I I, 

and I I I, used in the present study. The type sample 

consists 0 f laminated layers of lead (thickness I 00 fJ-m, 

diameter 18mm) and aluminum(thickness about l5t£m, diameter 

18mm) foils. The aluminum foil was adhered on both sides 0 f 

th e lead f o i I polymer r esin. The prepared samples are 

referred to as 

by 

I - 0, I - 1, 1-2 and I - 3 depending on the number 

0 f aluminum l ayers, n. on each side of the lead foil. The 

type I I samples were the laminated samples 0 f lead 

(thickness lOOfl-m, diameter I8mm) and polymer adhesive films 

(poly - p r opylene base, thickness about 50f1-m, diameter 18mm). 

The polymer ad h esive films were adhered on both sides of the 

lead foil. These samples are refer r ed to as 11 - 0, 11 - l, 

9 I 



a- b . c . 
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Fig. 3-3 - 2. Cross section and top view of the samples. 

. . . . . 

:J::n 
f 

Samples of type I (a) are laminated samples of lead 

and aluminum foils. The number of aluminum layers 

was 0 to 3 on each side of the lead f 0 i 1. Sample 

1-2 is shown in this figure as an example. Samples 

0 f type II (b) are laminated samples of lead and 

polymer adhesive f i 1 ms. The number 0 f polymer 

layers was 0 to 6 on each side of the lead f 0 i 1. 

Sample II-4 is shown as an example. Samples of type 

I I I (c) are laminated samples of lead and polymer 

adhesive films with small intermediate lead f 0 i 1 

layer near the surface of the polymer layer and a 

larger and deeper lead layer between the polymer 

layers. Sample III-4 is shown as an example. 
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-
and li - 6 depending on the number, n, of the polymer lay e r s 

on each side of the lead foil. The type I I I samples are 

similar to sample I I - 6, but they have surface or 

intermediate lead foil layer (thickness about lOO,um. size 

about 3X3mm) on the surface of the polymer layer or 

between the polymer layers. Thus sample III - 6 is equivalent 

to sample II - 6. They are referred to as III - 0, 1 I I - 1, 

and III - 6 depending on the number of polymer layers, n, on 

the intermediate lead layer. 

Results and discussion 

Figure 3-3-3 shows the correlation photoacoustic 

spectra of the laminated samples of aluminum and lead f 0 i 1 

(type I samples) measured with a monochromated X - ray beam of 

1. 30 and 1. 45X at a chopping speed of 4RPS. The time ~o is 

defined as the time interval between the excitation and the 

top peak. Two peaks were observed at ro values of lOms and 

70ms in the spectra for sample 1- 3. For sample I - 2, a 

shoulder peak was observed at a t:o value of approximately 

50ms . The f i r s t peak is considered to be due to heat 

generated in the surface aluminum layer. The second peak and 

the shoulder peak are considered as originating from the 

lead layers. Figure 3 - 3 - 4 show plots of ~0 versus the 

number of aluminum layers. The ro value for the first peak 

does not show any change with the increase of aluminum 

93 



-

t ~ g3 1\Z_ 8 2 80 80 

t (a) (b) 

t 60 60 

t 

N' ~ Ul Ul 

8 2 ~40 ~40 
t 0 0 

\-' .. \-' 

~ 
t 20 20 

~ 1 

t 
4 

~ 
0 00 

~ 
0 

Number of AI Layers Number of AI Layers 

4 

0 
'1:/ms 

100 

Fig. 3 - 3 - 4. Dependence of ro of sample type I on the number 

of the aluminum layers measured at 1. 30A(a) and 

Fig. 3 - 3 - 3. Correlatio n photoacoustic spectra (impulse 
!.45A(bJ. 

response c ur ves) of type samp l es. -o--o- ro for the first peak; 

a,spect ra obtained by 1.30A excitations, and • • r o for the second peaks. 

b,spectra obtained by 1.45A excitation. Symbo l s a - 0 

to a - 3 (or b - 0 to b - 3) correspond to the spect r a 

0 f samp l es I - 0 to 1- 3. Peak posit ions are 

indicated by a rr ows. 
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lay e r s, wh i I e the s econd peak a nd the shoulder peak 

increase with the number of aluminum layers. The dependence 

of ro on the number of a l uminum layers did not change as 

respectively. from the mass absorption coefficient 0 f 

ttLki:~ 
~ 

tJLJcJCK:i 

b- 6 

function of excitation wavelength. On the other hand, the 

relative intensity of the second peak to the first peak was 

aluminum layer is calculated t 0 be 69. 8 and 6 1. 0%, 

dependent on the excitation wavelength . Transmittance of the 

aluminum (29. 6 and 40. 7cm 2 / g at 1. 30 and 1. 45A)" and the a-6 

thickness of aluminum layer (15,umX3). Therefore, the ratio 

0 f the absorbed X - r ay flux in the lead and aluminum layers 

is estimated to be 2. 3 ( = 69 . 8 / 30. 2) at 1.30A and 1. 6 L______j 
0 500 

( m39 / 61) at 1 . 45A, respectively. This i s in good agreement T/ms 

with the observed results in that the intensity of the 

second peak in the correlation spectra at 1. 30A is large 

compared to that at 1. 4 sA. In the experiment with 

excitation by white X-rays, the second peak was not observed Fig. 3 - 3 - 5. Cor r elation ph at oacous tic spectra of type I I 

probably due to the fact that the peak is immersed in noise samples (a) and type Ill samples (b) measured 

because abso rption occurring in s urfa ce alum inum l ayer i s with white X- ray excitation. Symbols a - 0 to a - 6 

large (50. 2cm 2 /g) for characteristic copper X - rays (Cu Ka (or b - 0 to b-6) correspond to the spectra 0 f 

L54Al. These experimental results suggest that the signa I samples I I - 0 t 0 I I - 6 (or I I I - 0 to I I I - 6) 

from deep layers also gives information about the opt i ca I respectively. Peak positions are indicated 

properties of the surface layer. by arrows. Magnification of the spectra is X I 

Figure 3 - 3 - 5 shows a correlation photoacoustic spectra for a - 0, a - 1 and b - 0, X 2 for b - 1, X 4 for a- 2, 

0 f the laminated samples of polymer adhesive film and l ead a - 3 , a - 4, b - 2 and b - 5, X8 for the others. 
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f o i I (typ e II (a) and type Ill (b) samples) measured with 

excitation by white X- ray at a chopping speed of !. 2RPS. Two 

types of peaks, the first sharp peak and the second broad 

peak were also observed for the type I samples. However, in 

somewhat obscured it because of a low signal to noise r atio . 

140 140 
(a) (b) 

120 120 

the sample 111 - 2 spectra a third peak was also found, though 

The third peak is considered to be assigned to the he at from 100 100 

en BO en BO E 
'- E 
0 60 '-

)-> .;; 60 

the intermediate lead layer. Figure 3 -3- 6 show plots of ~ 0 

the number of polymer layers. The ro value for the versus 

first peak show no change with an increase in the number of 40 40 

20 20 
polymer layers . However, the second peak and the shoulde r 

00 4 00 4 
Number of polymer layers Number of polymer layers 

layers . 0 f polymer with the number increased peak 

number 0 f Correlation spectra of the samples with a large 

polymer layers is noisy so that the observed Lo value i s 

ambiguous to some extent. However, there i s s I i gh t 

difference in the signal dependencies on the number 0 f 

polymer layers between type II and type Ill samples. The 

change for the type II samples shows a monotonous increase. Fig. 3 - 3 - 6. Dependence of ~ 0 of type II samples (a) and type 

wh i I e that for type Ill samples shows a plateau in the Ill samples (b) on the number of polymer layers 

large n region. measured with white X-ray excitation. 

Figure 3-3-7 shows the cor relation photoacoust ic --0--0- : ~0 for the first peak; 

spectra measured for the laminated samples 0 f polymer • • :ro for the second peak. 

adhesive films and lead foils (type Ill samples) by vis i b I e 

light excitation with various diameters at a chopping speed 

of 1. 2RPS. Two types of peaks, a sharp peak and a broad one 
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wer e obs e rv e d in the me a surement with e x c it a ti o n at a bea m 

diameter 0 f 2mm. This is simi I ar to the case 0 f type II 

samples excited by X- rays. The 2mm diameter beam was focus e d 

b-0 b-1 4b- 2 b - 3 b-4 b- 5 b-6 

l__h_~}\_~~h 
on the intermediate lead layer, so that the photoacoustic 

signal originated only from the surface and the intermediat e 

layers. Therefore, the correlation s pectra are consider e d 

to be equal to those of type II samples. On the contrary, 

a-o a-1 

~ICJCVCJJ\ 
L____j 

with excitation at a beam diameter of 13mm which irradiat es 

both the intermediate and deep lead layers, a third shoulder 

peak was found in the spectra for sample 111 - 2 as in th e 

0 500 
T/ms case of type II I samples observed by X - ray excitation. 

The first, the second and the third peaks are considered as 

being assigned to the surface layer on the top, the lead 

layer at deep I eve I and the intermediate lead I aye r, 

respectively. Figure 3 - 3-8 (a) show plots 0 f 'l:o values 

Fig.3 - 3 - 7. Correlation photoacoustic spectra of type Ill versus the number of polymer layers for measurements with an 

samples measured with visible light beam of 2mm excitation beam diameter of 2mm. ro values for the f i r s t 

(a) and 13mm (b) diameter. The symbols a - 0 to a - 6 sharp peaks remains constant, while those for the second 

(or b - 0 to b-6) correspond to spectra for samples peaks increase monotonously with the number 0 f polymer 

I I 1-0 to 111-6 respectively. Peak positions are layers. Figure 3 - 3 - 8 (b) show plots of 'l:o on the number 0 f 

pointed with arrows. Magnification of the spectra polymer layers for measurements with excitation at be am 

i s X2 for a-3, a - 4 , a - 5, a - 6 and b - 2, a nd Xl diameter of 13mm. Lo values for the first and the second 

for the others. peaks do not show any change with an incr e ase in the number 

of polymer layers except for the second p e ak for sample 11 - 3 

(n =3). The observed 'l:o for the third shoulder peak 

100 I 0 I 



corresponds to the level between the surface layer and th e 

deep l ayer. Since Lo value of the second peak for sample 

l l - 3 is slightly smalle r than that for the other samp I es, 

this peak seems more lik ely to correspond to th e third peak 

lBO 
for samp l e 11 - 2. Thus the change of -z;- 0 value for the peak 

160 160 
(a) (b) 

140 140 
corresponding to the intermediate layer is given as a dotted 

120 120 I i ne . ro increases with the number of polymer layers and 

E 100 E 100 shows a p l ateau in the large n region. The change is similar 

'- '-tJ BO .;; BO to the case where measurements are made with col l imated 

60 60 
white X- r ay beam of 8mm diameter. This confirms that th e 

20 
shoulder peak in the X- ray measure ment is due to heat from 

00 00 3 4 
the intermediate lead layer. 

Number of polymer layers Number of polymer layers Based on the experimental results given so far, the 

signal delay time 'to is related to the depth at which heat 

is generated in the sample , an d that thermal character i stics 

of sample a r e reflected in the relation between 'to and the 

sampling depth. However, the peak becomes broader and weaker 

Fig. 3 - 3 - 8. Dependence of ro for type Ill samples on the with an increase in th e depth of h ea t gene rat ion because the 

number of polyme r lay ers measured with a vis i b 1 e heat diffuses through the ma teri a l. Therefore, observation 

I ight beam of 2 mm (a) a nd 1 3mm (b) diameter . of this peak depends on the signal intensity and the depth 

-o-o- : Lo for the first peaks; of heat generation. Further, resolution of two or more peaks 

• • :-ro for the second peak; depends on the relative intensity and the relative depth of 

··D---D- "Lo for the third peak. heat gene r ation. l n the case where th e third peak i s 

observed from the intermediate lead l ayer, signals with 

'to va lu e of approx im ately three times as l a r ge as the first 
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-
peak. The 'to for the third peak is also approximated I /3 

times the value of the Lo for the second peak. 

I 0 4 

3 - 4 X - ray Correlation Photoacoustic Spectra near the 

Absorption Edge 

Introduction 

The X- ray absorption coefficient for a given material 

changes greatly at the absorption edge, thereby also 

changing the depth of heat general ion. Therefore , 

measurements of the correlation photoacoustic spectra near 

the X-ra y absorption edge clarifies the characteristics of 

bu l k samp I es. It is also of interest whether correlation 

spectra show fine structure near the absorption edge. 

Experimental 

The experiments were made with synchrotron radiation at 

beam line (BL - IOC) at KEK. The X- ray beam was modulated by a 

mechanical random chopper (containing 2 series 0 f M-

sequence. n =3 1). The experimental arrangement and 

photoacoustic cell used was similar to that used in previous 

sect ions. The photoacoustic ce l l was placed on a pneumatic 

f I oat i ng table. The preamp! ified photoacoustic signa I and 

reference signal from the chopper were introduced into an 

FFT analyzer (ADVANTEST, TR9403), where the cross 

correlation between these signals was calculated. The 

correlation spectra was integrated up to 1024 times. In this 

experiment, the time resolution of the measuring system is 
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fixed by the rotational speed of the chopper, r, and the 

number n of on - off units in the chopper b I a de, and i s 

calculated to be 4ms (1/2nr, n • 31, r • 4). 

Results and Discussion 

Correlation photoacoustic spectra for copper f o i Is 

(thickness 10, 50, 200 and !000tLm) were measured at 

wavelengths between 1. 32 and 1. 45A. AI though the penetration 

depth of the X-ray beam in the copper foil changes from 4 to 

the wavelength is changed from 1. 3 5 to 1. 4o.:\ 

across the absorption edge 1 >, ro showed no significant 

change as seen in Fig. 3-4 - 1 . This seems to be due to the 

lack of time resolution in the measuring system. Figures 3-

4-2 and 3 - 4 - 3 show the changes of r, and I~-~ as a function 

of X-ray wavelength . I~-~ shows a sharp drop at the 

absorption edge for each thickness, and Lr shows a rise at 

the absorption edge for the samples with thicknesses of 50 

and 200tLm . These resu l ts show that 1) ro is not dependent 

on the absorption coefficient of the sample but on the 

sample thickness; 2) r, and I~-~ are dependent on both the 

absorption coefficient and thickness of the sample. Traces 

0 f ~~-~ for f o i Is 0 f 50, 200, 1000 tLm thickness show 

periodic change in the region from I. 32A t 0 1. 3 sA. The 

period is about 0.03A in this experiment and is reduced to 

about 200eV in electron energy. This val u e is large compared 
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Fig. 3-4-1 Dependence of ro on X-ray wavelength for 
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Fig. 3 - 4 - 2 Dependence of r, on X-ray wavelength for copper 

foils of !O{lm ( e e ), 50{lm 

( -0---0- ) , 200 {lm ( - · · ·- · · ) and 

!OOO{lm ( -·0·-0 - ) thickness. 
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foils of lO{lm e • ), 50{lm 

( --0--0- ) , 200 {lm ( ... . ·-· · - - ) and 
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to th a t of EXAFS (10 to 80eV) reported in literatures" 9
• •o>. 

and the amplitude of the fluctuations are large compared to 

that me asu red by a conventional photoacoustic measurement~ 1 > 

where X- ray beam was chopped by an ordinary regular chopping 

sector . However, a possibility that the periodic change i s 

some reflection of EXAFS could not be denied absolutely. 

Further investigation will be needed in this point. 
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CHAPTER IV 

Simultaneous Measurement of X - ray Photoacoustic and 

Fluorescence Signals 

Simultaneous pho toacoustic and fluorescence me as urement 

has been conducted in the X- ray re g ion . Th e simultaneous 

measurement provides the means 0 f non - destructive 

characterization of materials and provide an understanding 

of the tot a 1 energy flow in a sampl e. In section 4 - 1, 

application to characterization of layer ed materials i s 

discussed. The simultaneous measurement was conducted on the 

metal 

sect ion 

foils and model samples with layered structures. 

4 - 2, an approach to direct measurements of 

In 

the 

absolute X- ray fluorescence quantum efficiency is discussed. 

New method based on the simultaneous photoacoust ic and 

fluorescence me asurement was used in the visible region in 

t hi s section. In section 4-3, the first attempt of this 

method in th e X- ray region is described. 

Sections 4 - 1, 4 - 2 and 4 - 3 are base on previously 

published reports 38
• 

42 - 44) 
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4-1 Simultaneous Detection of X- ray Photoacoustic and 

Fluorescence Signals as Applied to Characterization 

of Layered Materials 

Introduction 

The X- ray fluorescence method is advantageous since i t 

is a non-destructive elemental analysis technique that i s 

convenient, while the results of measurement are strongly 

dependent on the state of the specimen. Photoacoustic 

measurement combined with X- ray fluorescence measurement 

provides informal ion concerning the amount 0 f net 

absorption, thermal and geometrical properties 0 f layered 

materials. Furthermore, a comparison of the X-ray, vis i b I e 

and UV wavelength regions is of interest, since the samples 

have different absorption properties from the ordinary UV 

and visible wavelength regions in the X-ray region. 

Experimental 

A built-in type X-ray tube with a molybdenum target was 

used as the excitation source. Figure 4-1-1 is a schematic 

diagram of the experimental setup. The X-ray beam was 

narrowed and collimated by the molybdenum collimator with a 

diameter of 1mm. A molybdenum spinning rod (R) with a bored 

hole was used to chop the excitation beam. The body of the 

photoacoust ic cell was made of brass. and the windows and 
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EZ:l Brass 
~Al 

~Mo 

• 0-rings 

Fig. 4 - 1 - l. A sectional view of the experimental arrangement 

for simultaneous X-ray pho t oacous tic and 

fluorescence measurement. 

S, Sample; B, Be window; M, microphone; D, Si (Li) 

detector; E, Mo target X- ray tube; C, lmm 

col I imator; R, rotating rod chopper; SS, sliding 

stage. 
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their frames were made 0 f beryl I ium and aluminum. 

respectively. The thicknesses of the windows were 0. 5mm 

(upper) and 0. 25mm (lower). The sample chamber was designed 

so as t 0 be close to the detector in order to avoid 

fluorescence and scattered X- rays from the cell wa I I. The 

X - ray ce I I was mounted on s I i ding stage. 

fluorescence was detected by a solid state Si (Li) detector. 

The photoacoustic signa I was detected by condenser 

microphone and then amplified by a lock-in amplifier (NF 

CIRCUIT BLOCK INC., LI574A with P - 51A preamp I if ier) and read 

by a digital voltmeter (HEWLETT PACKARD, 3456A). In the case 

of the photoacoustic measurement involving UV and vis i b I e 

light excitation, the upper beryllium window of the cell was 

replaced with a quartz window of 1mm thickness; the I i gh t 

beam from a 500W xenon arc lamp was filtered and focused t 0 

spot of about 5mm diameter on the specimen. For UV I i gh t 

excitation, a UV transmission filter (TOSHIBA, UVD - 33B) 

and an IR cut f i I t e r (TOSHIBA, IRA-25S) 

f i Iter (TOSHIBA, 

were used . In the 

visible region a UV cut Y44) and an IR cut 

f i Iter (TOSHIBA, IRA - 25S) were used. Sheets of copper f o i Is 

(thickness 10/lm to 1mm and diameter 10 to 18mm), 

sheets of copper foils (thickness 100/lm, diameter 

laminated 

18mm) and 

adhesive tapes (thickness about 50/lm), and l aminated sheets 

of lead foils (thickness 100/lm, diameter 18mm) and aluminum 

f o i Is (thickness about IS.um. diameter 18mm) were used as 
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samples. Copper foils were polished and stor e d in ethanol. 

In the case of the laminated specimens, polymer adhesive 

tape or aluminum foil was adhered to both sides 0 f th e 

copper or lead foil. 

Results and Discussion 

Photoacoustic and f I uorescence signals wer e 

simultaneously detected at an X- ray tube voltage of 40KV and 

20mA. The fluorescence signal, however, was very strong and 

the dead time of the Si (Li) detector approached 90% under 

these conditions; thus , the X- ray tube current was reduced 

t 0 2mA when fluorescent measurements alone were performed. 

Figure 4 - 1 - 2 shows the change in the X- ray photoacoustic and 

fluorescence (Cu Ko:) signal intensity plotted as a function 

0 f the copper foil thickness. The visible photoacoustic 

signal intensity for the same specimens are also plotted in 

Fig. 4 - 1 - 2. A chopping frequency of 8Hz was used for both 

measurements. The fluorescence signal intensity is constant, 

except for the 10/lm thick specimen. Since the X- ray 

fluorescence critical thickness is about 30.am for copper 415
) 

(excitation Mo Ka: 

30° l/1 00 =0.99), 

incidental angle 90o, 

the fluorescence signal 

detection angle 

is cons ide red to 

be independent of the thickness for thickness greater than 

30/lm. On the other hand, both the X - ray and visible 

photoacoustic signal intensities depend on the specimen 
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Fig. 4 - 1 - 2. Photoacoust i c and f lu oresce n ce sig n al in t e n sities 

for different copper f oil thicknesses. 

--0--0- :X - ray photoacoust i c signa I, 

· ··X··· -X- · : v i s i b I e p h o t o a co us t i c s i gna I, 

• • :X - ray fluorescence signa l . 
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thickness. The re aso n for the decrease in the photoacoustic 

intensity with increasing film thickness is considered to be 

due to heat diffusion in the specimen. The thermal diffusion 

l ength for copper at a chopping frequency of 8Hz i s about 

2. 2mm, wh i ch is thicker than the specimen thickness. Thus. 

the heat gene r ated by X - ray absorption was considered to be 

uniform l y spread throughout the specimen. Under these 

condit i ons, the X - ray photoaco u st ic sign a I intensity, P, 

for a coppe r foil was estimated to be: 

- exp ( - t f£ (E) p ) ) ( 4. 1. 1) 

and 

p L; I ( E), ( 4. 1. 2) 

where !(E), k , l a(E) , tL(E), P and E are the p h otoacoustic 

signal intensity, an instrumenta l constant, the init i al X -

ray beam intensity, the mass absorption coefficient of the 

specimen, density of the specimen, and the photon energy of 

th e incident beam, respective l y. The mass absorption 

coefficient, f.L, is genera ll y given by 1 > : 

1L ( E ) = 1: (E) a (E) ( 4. 1. 3) 

a n d 

7: ( E ) ( 4. 1. 4) 

wh ere 1: (E) and a (E) are the photoelectric absorption and 

the scattering l 0 s s of the X - ray beam respectively. In 

photoacoust ic measurements, only contributes to the 

pho t oacoustic sign a I generation. Parameters C and D are 
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functions of the atomic number. Figur e 4 - 1 - 3 is log - log 

' plot 0 f the photoacoustic signa 1 intensity versus the 

thickness of the specimen. Estim a t e d v alues of the X- ray 

' 
photoacoust ic sign a I intensity were calculated using ' ' >, ' -+-' ' en X', 

c ' (l) 
-+-' '~ c 

0. 1 ' ' (l) ' 

equations (4 . 1.1) - (4. I. 4) with the en e rgy distribution of X-

ray source in the range 0. 5 t 0 40. 5 KeV . The energy 

distribution of the X- ray source was measured by an S i: L i 

detector attached to the X- ray fluorescence apparatus using > ' -+-' ' 0 ' ' an acrylic resin plate (thickness !Omm) as a diffuser. The 
(l) ' 0::: ' ' 

visible photoacoustic signa 1 intensity was found t 0 be 

x, 
' 

inversely proportional to the thickness . Visible light was 

' absorbed at the surface of the specimen and the amount 0 f 

Th u s, the temperature change was inversely proportional t 0 

0.01 
10 100 1000 

absorbed energy was independent of the specimen thickness. 

the heat capacity which. in turn, was proportional to the Sample thickness/}lm 

thickness 0 f the specimen . This supports one 0 f the 

assumptions that the he at generated in a specimen is spread 

uniformly withi n the specimen. The X- ray photoacoustic Fig. 4-1 - 3. Log - log plots of photoacoustic signal intensity 

signa 1 intensity for thin specimens showed a tendency t 0 
for different copper foil thicknesses. 

approach a constant va lue, which is in agreement wit h the Pho toacous tic signal intensities estimated from 

calculated curve . On the other hand. a decrease in the X- ray the mass abso rp tion coefficient and the heat 

photoacoustic signal intensity for thick sp e cimens was fo und capacity are also plotted. 

t 0 be smaller than the estimated va I ue. The discrepancy -0~ :X - ray photoacoustic sign a 1, 

between the experime n tal value and the estimated value was --X ---X--· :visible photoacoustic signal . 

sma I I and is interpreted in terms of the heat I o s s by • • :estimated X- ray photoacoustic signal. 
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fluorescence. and by the background sign a l caused by 

scattered X- rays. Since the intensity of the X- ray 

pho t oacous tic sign a l depends on the thickness 0 f the 

specimen. the thickness can be estimated if the component of 

the sample is known or the calibration curve was previously 

obtained. 

When absorption of the excitation beam occurs within 

the sample, the photoacoustic signal shows a phase 1 ag 

which depends on the thickness of the coating layer and the 

chopping frequency. This is because any heat generated under 

the coating is conducted through the coating layer, and i s 

converted into a photoacoustic signal at the surface 6 >. The 

following equations give the phase 1 ag, ¢: 

c. ( 4. 1. 5) 

and 

k c p ) • (4. 1. 6) 

where ¢, t, a, w, C, k, p and care the phase lag, the 

sample thickness, the thermal diffusivity of the sample, the 

angular chopping frequency, constant, the thermal 

conductivity of the sample, the density of the sample, and 

the heat capacity of the sample, respectively. Figure 4 - 1 - 4 

shows the phase lag of the photoacoust ic sign a l for a 

laminated sample 0 f copper foil and polymer shee ts for 

various excitat ion sources. The phase lag shows I in ear 

relation with the square root of the chopping frequency. 
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Fig. 4-1-4. Phase lag of the photoacoust ic signal versus the 

square root of the angular choppi ng frequency for 

laminated specimen of copper foil and polymer 

f i 1m. 

--0--0- :X - ray photoacoustic sign a I, 

- - X----X-- :visible photoacoustic signal. 

- +-·+- :UV photoacoustic signal. 
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The polymer layer was transparent for a! I excitation beams 

used in this experiment. The slopes of the regression 1 i ne 0.3 
determined by a least - square fitting were 0. 073, 0 . 076, and 0 

for X- ray, UV and vis i b I e I i gh t excitation , 0.2 
respectively. The density of the polymer layer was 

u 
1. 33g/cm 3

. If the heat capacity of the polymer layer is 0 0 L ......__., 0.1 
known, the thermal conductivity can be calculated. Assuming (Jl 

0 

that the heat capacity of the polymer layer is 2Jg - 'K - ', the 
Q) 
Ul 0 0 thermal conductivity of the polymer layer is ca l cu l a t ed t 0 

_c 

be and 
(L 

X 

-0. 1 X 
X respective I y . Since the po l ymer l ayer absorbed UV and 

X- rays, the heat generated by absorbing the beam near 

-0.2 
4 6 8 10 12 14 16 18 

the su r face would make the phase I a g s m a I I for UV and 

X-ray excitation. On the other hand, the phase lag for 

laminated spec im en of lead foil an d aluminum foil (Fig. 4 - 1 - Square root of chopping frequency//Fad 

5) exhib it s somewhat different behavior. Since aluminum i s 

transparent t 0 X- rays, the phase I ag inc r eased 

pr opo rti ona lly to th e square root of th e chopping frequency. 

On the othe r hand, a luminum is opaque to vis i ble I i g h t ; Fig. 4-1 - 5. Phase l ag of the photoacoustic sign a 1 versus 

thus, that phase lag is constant fo r the chopping frequency. the square root of the angular chopping frequency 

The slope 0 f the reg r ess ion I ine determined by least - for a laminated specimen 0 f lead f o i I and 

square fit t in g for an X-ray photoacoustic sign a I was aluminum f o i I. 

This value is large compared to the estimated -0---0- :X - ray photoacoust ic sign a I, 

va lu e from t h e thickness (15/lm) , )E )E :vis i b 1 e photoacoust ic signal. 

the thermal conductivi t y t h e density 
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and the heat capacity (0. 895Jg - 'deg - ') of the 

aluminum layer. The adhesive layer between the aluminum and 

lead layers is considered to be the reason for the phase 

I a g. Assuming that the thermal conductivity, the density, 

and the heat capacity of the adhesive layer were equal to 

those of poly - methacrylate resin 20 > 

and the thickness of the layer 

was estimated to be about 8tLm from the slope (0.0!9s" 2 
) . 

This value is consistent with values determined by 

microphotographic observations. Information concerning 

surface layer properties can, thus, be obtained from the 

relation between the phase lag and the chopping frequency. 

Figure 4-1-6 shows a simultaneous photoacoust ic and 

fluorescence measurement. The fluorescence signa I 

shows the presence of the lead layer (Fig . 4 - I - 7) . 

Characteristic X-ray fluorescence peaks were observed at X = 

4 and X • !Omm. The X-ray and visible photoacoustic signa l s 

indicate that the X-ra y absorption coefficient of the inner 

layer at the center of the specimen (X = 7mm) is I ow, and 

that the heat conductivity of the inner layer is lower than 

that for lead. The phase lag of the photoacoustic signa l by 

vis i b 1 e light excitation exhibits a smal deviation. This 

indicates th at the absorption of visible light occurs at the 

surface layer of the specimen. On the other hand, the phase 

lag by X-ray excitation showed a large deviation, which 

I 2 4 
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0 
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~ 
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c 
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:E 0.4 

\0 \2 \4 
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Fig. 4 - J-6. Simultaneously measured photoacoustic and fluores cence 

signals(A) by X-ray excitation for a model specimen(C). 

The photoacoustic signal for the same specimen excited 

by visible light is also plotted. The upper traces (B) 

show the photoacoustic signals phase Jags. 

~:X- ray photoacoustic sign a I, 

-- 0 -- 0-- :visible photoacoustic sign a I, 

)( )( :X - ray fluorescence signal. 
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Fig. 4 - 1-7. Fluorescence 
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Energy I KeV 

spectra simultaneously measured 

with the photoacoustic signal at position X = 4, 

7, 1 Omm. 
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indicates a change in the average depth where X - r ay 

absorption occurred . 
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4 - 2 An Approach to the direct Measurement of the Absolute 

X - ray Fluorescence Quantum Yield 

(Simultaneous Measurement of Photoacoustic and 

Excitation Spectra for the Evaluation of Fluorescence 

Quantum Yields of Uranium - mica Type Compounds) 

Introduction 

We have developed and reported new method for 

measuring the absolute fluorescence quantum yield. Although. 

this method was performed in the visible region. it could be 

applied 

attempt 

to X- ray region. In the next sect ion the f i r s t 

0 f this method in the X- ray region will be 

described. 

The determination of the absolute quantum yield 0 f 

fluorescence may be achieved either by determination 0 f a 

defined fraction 0 f the fluorescent radiation. or by 

measurement of the complementary part of the non - radiative 

process by calorimetry 46
). The former opt i ca I method 

appears to be more popular. Electronic units and components 

are also readily available. But, it is known that absolute 

measurements of fluorescence quantum yield are difficult to 

perform experimentally 3
·"'

7 ·-4s>. The actual determination of 

quantum yield consists of various processes . 

The photoacoustic technique enables measurement of the 

absolute fluorescence quantum yield in the vis i b I e I i gh t 

I 28 

In these studies, me as ur e ment 0 f 

fluorescence quantum yield are based on two phenomena . 

f i r s t i s that the fluorescence can be quenched 

quencher. And the second is that the fluores c ent I ife 

is longer than th e non - fluorescent transition if e 

by 

th e 

The 

a 

time 

time. 

Lahmann and Ludewig 53
' compared the photoa c oustic signal of 

a sample solution of rhodamine 6G with that of K2 Cr 2 07 as a 

reference which is nonf luorescent but has comparable 

absorption coefficients. Adams et a 1. -4 s) determined the 

quantum yield of quinine bisulfate in aqueous solution 

uti I i zing the quenching effect of fluorescence by halide 

ions. Fluorescence quantum yield was obtained from a 

0 f the photoacoustic signal intensities before and 

quenching with the use of a quencher. In the case where 

if e time is long. it was found that 

ratio 

after 

the 

the fluorescent 

photoacoust ic 

is dependent 

signal measured at high chopping frequencies 

only on the energy released in the non -

radiative transition 62
). Theoretically, however. there is no 

quencher for X- ray fluorescence and the fluorescent I i f e 

time is extremely short in the X- ray region. Therefore, 

these methods a re not useful in the X- ray region. We have 

developed a new method to measure the absolute fluorescence 

quantum yield without the use of quenchers. This method i s 

based on simultaneous detection of the photoacoustic and 

excitation signals as function of the excitation 
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wavelength . 

Experimental 

The experimental system used for the simultaneous 

measurement 0 f photoacoustic and fluorescence spectra i s 

shown in Fig. 4 - 2 - l, where the system for measuring 

luminescence I if e time is a Is a shown. The I i gh t used for 

c:::::::= X e L 
excitation is a xenon lamp (300W) chopped (CHI) at 80Hz and 

monochromated at SPJ (JASCO, CT25N) and irradiated on the 

sample cell (PFC). The cross section of the cell is shown in 

Fig. 4 - 2-2, and the details were reported in elsewhere 42
). Fig. 4 - 2 - 1. Block diagram showing the system for simultaneous 

The Photoacoustic signal is detected by a microphone (SONY, photoacoust ic and fluorescent measurements. The 

Electret condenser type, FET buffer included, parts number system for measuring fluorescent life time i s 

8 - 814 - 196 - 50) attached t 0 the ce I I, amp I if ied at Pl. also shown. 

introduced to lock-in amplifier L2 (NF Circu it Block Ll - 574) XeL, Xenon arc lamp; L, lenses; CHI and CH2, 1 ight 

and recorded at R2 . The optical signal is monochromated at choppers; HgL, mercury I amp, Fl and F2, f i I t e r s ; 

SP2, detected by a photomultiplier (PM), amplified (P3 and PFC, sample cell; Sl and 52, sample positions ; 

LJ) and recorded at Rl . THV, trigger circuit and power supply for xenon 

In the fluorescence emission measurements, the sample flash lamp XFL, xenon f I ash I amp; PM, 

i s irradiated with UV light (365nm) from mercury I amp photomultiplier; PI, P2 and P2, preamplifiers; Ll 

(HgL) and the fluorescent emission i s monochromated by and L2, lock - in amplifiers ; Rl and R2, recorders; 

monochromator SP2 (N!KON, P - 250). chopped (CH2), and LT, sign a I processor unit with microcomputer; 

detected by photomultiplier PM. With the luminescen c e if e XYR, XY - recorder; CMT, magnetic t a pe recorder; 

time measurements, the sample specimen is placed at the S2 XYO, XY - osc iII oscope, SPL and SP 2 , 

position instead of the Sl position and. is ex c ited by a monochromators. 
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Aluminu11 

Fig. 4-2-2. Sample cell for simultaneous photoacoust ic and 

fluorescence measurements. 

S, sample; W, quartz window; St, sticky packing; 

Sb, sample base; Ch, channel; M. microphone; P, 

acoustic protective cover; C. aluminum cell body. 
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xenon flash lamp XFL. The fluorescent signal is det ec ted 

(PM), amp! if ied (P2), and introduced to the if e time 

measuring system LT, the details of which were published 

elsewhere 64 >. 

A I I measurements in the present study were taken at 

room temperature. 

Samples. 

The samples used in the present study were prepared 

according to the literatures 66
•

66 >. The general formula 0 f 

the uranium - micas are given 67 > as M(U0 2 ) 2 (X0 4 ) 2 ·nH20. where 

M is a univalent metal ion M~ 2 or a bivalent metal ion M 2 ~ 

and XO" is a phosphate P0 4
3

- or arsenate As0" 3
- anion. The 

prepared samples are those with M = (H,O) 2 , Na 2 , K 2 , Mg, Ca, 

Sr, Ba, Zn . The number of water molecules n varies according 

to the condition of the sample; natural autun i tes with 

bivalent metal ions have values of n ranging from 8 to 12, 

wh i I e those with univalent ions have. to some extent. a 

lower value of n . Fluorescence spectra and fluorescence ife 

time of those samples were also measured and discussed in 

previous report 68 >. 

Results and Discussion 

Procedure for Determining the Fluorescence Quantum Yield 

a 

In a system which is not chemically reactive to vis i b I e 
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1 i gh t irradiation. photoacoust i c s p e ctrometry provides 

complementary system to fluorescent spectrometry which deals 

with radiative processes. A method of estimating the 

absolute quantum yield of fluorescence QF is presented in 

Fig. 4 - 2 - 3. This is based on a simple model where the ground 

state G and the excited state B of a broad band is g i ven 

with separation b. E. Assuming the system absorbs I i gh t 

energy E I a r g e r t h a n b. E. the system wi I I release the heat 

energy and wil 1 return to the bottom of the band, from which 

the system will relax to the ground state G by either 

radi ative (F) and/or non - radiative (N) transition. The 

intensity of the fluorescent emission I' (E) caused by 

excitation of light with energy E is given by 

1,. (E) : k {3 (E) (}.. lEx (E), ( 4 . 2. 1) 

where k is a measuring constant. /3(E) i s the absorption 

coefficient for the I i g h t e n e r g y E, a n d i s the 

intensity 0 f the excitation I i gh t at energy E. The 

pho t oacous tic signal is proportional to the output 0 f the 

thermal energy. which is given as the sum of the excess 

energy, E /:, E, and the energy released in the non -

radiative process N. Thus the photoacoust ic intensity { p (E) 

is given by 

{p (E) {3 (E) I EX (E) [ E - b. (E) + b. E ( 1 - Qp ) l 

{3 (E) lEx (E) (E - /:; E Q,. ) . (4. 2. 2) 

where is a measuring constant . By using that {3 (E) and 

13 4 

w 

t 
.6.E E 

F 
( 

( 

N 

Fig. 4 - 2 - 3. An energy diagram tentatively given for deriving 

the relations in the fluorescence quantum yield 

calculation. F denotes a radiative process while 

N denotes a non - radiative process . 
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I ax ( E) a r e t a ken as cons t a n t s, I P (E) and I P ( £) w i I I be g i v en 

as functi o n s of energy E as shown in Fig. 4 - 2 - 4. By taking 

the rat i o of I P (E) I I,. (E) , the f3 (E) a nd I ex (E) terms vanish 

giving: 

l p (E) E - L).E 
( 4. 2. 3 ) 

1,. ( E ) k 

The l p (E) I Ip(E) r at io will be directly related toE as s hown 

in Fig. 4 - 2 - 4c. Extrapolation l eads to an ene rgy of as 

shown in the following equations; 

l p (E) E - I'::.E Q,. 
0 ( 4. 2. 4) 

1 .. (E) k Q,. 

i. e., 

Eo = /':, E Q,. ( 4 . 2. 5 ) 

The quantum yield is then given by 

Q,. = Eo I !'::. E. ( 4 . 2. 6 ) 

Experimentally , the Eo value is obtained as a crossing point 

on th e E axis in the extrapolation 0 f the plots 0 f 

I P (E) I I P (E) versus E, and t he /':, E v a I u e w i I I be o b t a i n ed as 

the center of the gravity of the emission spect r a. 

The method for estimating the quantum yield presented 

here r ep r esents an improvement 0 f those reported t 0 

date"" 9
· 

63
, in that reference materials and quenched samp l es 

are not required. In addition, s imult aneo us measurement 

followed by plotting th e intensity r atio of both spectra 
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rem ov e s the need for c orrection s for the pow e r spectrum and 

drift of the excitation light. 

Fluorescence Quantum Yield of Uranium - micas. 

A series of uranium - mica type compound s c ontaining 

uranyl ions as fluorescent centers may be considered as one 

with an energy diagram similar to that discussed above. 

Figure 4 - 2 - 5 is an energy level diagram for the uranyl (VI) 

ion base on the paper by Bell and Biggers 69
) which appears 

to be the most widely accepted diagram for uranyl salts. The 

totally symmetric singlet ground state 1 ~> .. " is s p l i t into 

five sublevels due to symmetric stretching in the ground 

state, while the lowest excited state snu a nd the se c ond 

lowest excites state 9 /1u. are also split into twelve and 

seven sublevels, respectively, due to the symmetric 

stretching in the excited state. The average spacings 0 f 

the sublevels are approximately 750-860cm - 1 depending on the 

respective sample 60
-

62 >. The luminescence appears to occur 

from the lowest one or two sublevels to the ground state 

sublevels showing six emission peaks. The emission peak at 

the shortest wavelength has a relatively smal I intensity of 

about 1 I 30 of the total intensity suggesting that the 

contribution to the emission from the se c ond lowest sublevel 

is neg I igibly small. 

one 0 f 
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fluorescent transitions for a uranyl (V I ) ion 9
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the prepared uranium - mica samples, are also shown in Fig. 4 -

three features of the spectra are very The main 2 - 6. v 

~ a. 

similar to other uranium - mica samples except for shifts from 

of approximately 5nm in the respective the peak values 

~· 

~ 
< -::-

spectra. u 

0 

" Plots of the /p(E) / ]p-(E) ratio versus excitation energy 0 

" 
E for the case of Sa - containing uranium - mica samples are 

given in Fig. 4 - 2-7, where the six points in the lower 

straight I i ne giving the fa 1 1 region on energy 600 500 

experimental Eo value on the abscissa. The experimental b.E 

value has been tentatively evaluated as I. 92xl0 1 crn - 1 (520nm) 

from the peak position of the envelope curve of the emission 

spectra (Fig. 4-2-6a). The va lue of the quantum yield. 

calculated from Eq. 4. 2. 6 is 0 . 7. The value of the quantum 

yield obtained using simi I a r procedures for the other 

uranium - mica are given in Table 4 - 2 - 1. The value 0 f 

1.92xl0 4 cm - 1 has been constantly applied in the estimation 

0 f quantum yields of other uranium - micas . The error from 

this approximation is estimated to be ±4%. Table 4 - 2 - 1 

includes the fluorescence I ife times and the transition rate 

constants which wil I be discussed later. 

In Fig. 4 - 2-7 , some of the data in the higher energy Fig. 4 - 2 - 6. Fluorescent emission spectra (a), fluorescent 

region deviate from 1 inearity. This deviation was also found excitation spectra (b) and photoacoustic spectra 

in other uranium - micas, where the number of points fa 1 I i ng (c) 0 f The I at t e r two 

on the line ranges from 4 to 7 out of fifteen. spectra were measured simultaneously. 
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Table 4 - 2 - 1. Data 0 f quantum y i e I d (h., f I uorescence I if e 

time 1:, and transition rate constants k, and kn 0 f the 
~ 

k) respective radiative and non-radiative processes for a 
...____-.... 0.4 ...... series 0 f uranium - mica compounds M (U02) 2 (XO.) 2 · H 20. ---
k) 
...____- X ~ p X ~ As 
....... D, 

M Qp 1: k, kn Q,. 1: k, kn 
0.2 

% Io - •s 10 - as - 1 !Oss - 1 % Io - •s 10 - ss - 1 1 0 3 s - 1 

(HaO) 2 0 0 72 1. 4. 5. I • 2 . o· 

Na2 86. 2. 3. 6 . 0. 6 . 90 0. 82 12. 0 1. 2 

K2 86 2. 8 3. 0. 5 79 . 1. 0. 7. 9. 2. I • 

E/104 cm-1 
Mg 86 2. 8 3. 0. 5 92 1. 2 7. 7 0. 7 

Mg:Mn 58 I. 3. 2. 5 Mn: 0. 03mol% 

Ca 78. 2. 6 3. o· 0. 8 - 1. 4 . 

Sr 75. 3. 2. 2 . 0. 7 . 

Ba 70 2. 8 2. 5 1. 0 73 1. 9 3. 9 1. 3 
Fig. 4-2-7 . Plots of the intensity ratios o t photoacoust ic 

Zn:Cu 7 5. !. 4 . 5. 4 . 1. s · Cu: 0. Olmol% 
and fluorescent excitation signal intensities as 

Zn:Cu 10 !. 6 - 0. 6 . 5. 6 . Cu: 0. lmo 1% 
a fun c t i on o f ex c i t a t i on energy E. 

less reI i a b I e d ala. 
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The reason for the observed deviation a ppears to be 

due to the grain size 0 of the sample powder. For 

photoacoustic signal P. for a solid sample 7
•

6 ::n. P. varies 

as a rather complex function of the sample parameters and/or 

experimental conditions such as absorption coefficient {3, 

thermal conductivity, grain s i z e and the 

penetration distance, p., which is defined as 1/{3, 

to be responsible for the deviation. 

optic a I 

appears 

In the situation where f.1. is larger than 0, 

acoustic signal P. is proportional to {3, whereas if fl. 

comparable t 0 or smaller than 0, the acoustic sign a I 

remains constant and independent of {3. This indicates 

in the energy region of 400 - 450nm (relatively large {3, 

optical penetration distance fl is equal to or smaller 

o. so that the intensity of the photoacoustic signal 

be reduced t 0 some extent, resulting in deviation 

the 

i s 

P. 

that 

the 

than 

wi II 

from 

linearity. The plots in the higher 

closes to the I ine than those in the 

energy region 

intermediate 

appear 

energy 

region which appears to correspond to a lower $ va l ue in 

this region. Samples having a large grain size such as 

Mg(U0 2 ) 2 ± nH 2 0:Cu (0.01mol%) do not show deviations. It may 

be concluded that a sample with a smaller grain size gives 

greater I inearity and thus more rei iable results in terms of 

estimation of the quantum yield. 

I 4 4 

Transition Rate Constants kr and kn for the Radiative 

Non - radiative Process. 

and 

The combination of the values of quantum yield Qp and 

the fluorescence I ife time allows the transition rate kr for 

the radiative process and k" for the non - radiative process 

to be evaluated. The values are related by 

equation; 

k, 

which may be rewritten: 

k, Q,. 

( 1 - Q,.) r. 

the following 

( 4. 2. 7) 

(4. 2. 8) 

(4. 2. 9) 

(4. 2. 1 0) 

The results calculated from Eqns . 4. 2. 9 and 4. 2.10 are given 

in Table 4 - 2 - 1. The life time data in Table 4 - 2-1 have been 

measured in this study, and are slightly different from 

those previously reported 58 >. The difference is considered 

to be within experimental error as far as room temperature 

data are concerned. As can be seen in Table 4 - 2-1, the 

phosphate samples have Qp., kr. and k" values of approximately 

80%. 3x10 3 s-•, and 0. 5 - 1. Ox10 3 s-' respectively. The arsenate 

samples have a shorter r . a slightly larger Q,. and a 

larger kr value than in the phosphate samples. The k" values 

are comparable for the phosphate and arsenate samples. This 

suggests that the fast radiative process (large k,) makes 

the I ife time short for samples without quencher ions such 
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as Cr and Mn. Samples with quencher ion 

shorter 

and lower Qp.L leading to a larger value of It i s 

considered that the effect of the doping ion Mn 2
- receives 

part of the excited energy of the U02 2
- ion making the 

value shorter as well as making the Qp value lower. The 

effect of the doping Cu 2
_._ ions absorb nearly all the excited 

energy of the nearest U0 2
2

* ions causes the Qp to decrease, 

wh i I e the other ions which are free 

neighbors decay by their own relaxation mechanism. 

I 4 6 

4 - 3 Simultaneous Detection of X - ray Photoacoustic and 

Fluorescence Signals for Evaluation of 

Quantum Yield 

I ntroduction 

Fluorescence 

Photoacoustic spectroscopy is based on the measurement 

0 f heat generation subsequent to alternating excitation. 

Since the heat is related to non - radiative decay process. 

photoacoust ic 

spectroscopy 

spectroscopy combined with 

enables one to trace the total 

f I uorescence 

f I ow of the 

relaxed energy passing through both radiative and non -

radiative processes. We have reported that the fluorescence 

quantum yield can be determined by analyzing the spectra 

measured simultaneously 42
• AI though, the analysis was 

conducted in the visible region, one can also apply this 

technique to the X- ray region. We have reported on making a 

photoacoust ic ce I I for simultaneous photoacoust ic and 

f I uorescence measurements in the X- ray region 36 >. In this 

study simultaneous measurements were attempted with use of 

monochromatic X-ray source for evaluation of the 

fluorescence quantum yield. 

Theoretical 

Theories presented in section 4 - 2 are modified so as to 

apply to X- ray fluorescence. A system which has ground 
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state and a continuous band of excited states, with energy 

gap E.b. between them is assumed. The system absorbs photons 

with energy higher than E.b. and relaxes to the ground state 

through radiative and nonradiative processes. In the X - ray 

region, the former is fluorescence radiation and the I at t e r 

involve Auger electron emission. These electrons are trapped 

in the surrounding air or sample itself and generate heat. 

The intensity of the fluorescence signal l,n(£) (n=l,2,3. 

and photoacoust ic signal for an excitation with 

intensity / 0 and photon energy E is given as, 

where 

{3 (E) 

6£n and i s the absorption 

coefficient, the quantum yield of n - th fluorescence, energy 

of n-th fluorescence and experimental constant respectively . 

Taking the ratio lp/1,~ (m=l,2,3. ), the {3 and terms 

vanish thus giving: 

If we plot the experimental l p(E)/l,m(E) value with respect 

toE, and extrapolate the plotted line to the point where it 

crosses theE axis, we will obtain Eom· With this value, one 

obtain the fluorescence quantum yield as follows, 

2; Q, n = 0 

6£m ( 6£m Qtm / 2; 6£n Q,n ) · 

I 4 8 

Value 0 f Q, n can be obtained 

experimentally from intensity rat i o and energy 0 f 

fluorescence X - rays . 

Experimental 

The experiment was conducted at beam line BL - 4A at the 

Photon Factory (National Laboratory for High Energy Physics, 

KEK. Tsukuba). A chopped X-ray beam (20Hz) was irradiated 

onto sample placed in a photoacoustic cell. The photon 

energy of the incident X- ray was in the 8 to 14 KeV region. 

The experimental set up is shown in Fig. 4 - 3 - 1. The windows 

and frames of the ce I I are made of beryllium and aluminum, 

respective I y. X - ray f I uorescence was detected by so I i d 

state S i (L i) detector. The photoacoustic sign a I was 

detected by a condenser microphone and was amplified by 

lock - in amplifier. 

Results and Discussion 

Figure 

fluorescence 

4 - 3 - 2, A shows the si multan eous ly measured 

and photoacoustic spectra for a I 0 tL m thick 

copper 

chamber 

sample. The spectra were normalized to the ion 

current. Figure 4 - 3-2,8 are intensity ratio plots. 

The Eo v alue obtained from extrapolation were 1.44 and I. 3 2 

KeV for the Ka and f I uorescence respective I y, 

resulting in a quantum yield of about 0. 144 and 0. 027 for 

149 



J X-ra y be am 
7 

~ ~ UJ6 
· I pas 

I Choppe r +-l 0 Ka 

~ 5 X Kb # ;:::l 
I 0 

Fl -:-
u4 

'--..__ 

'<---< 3 

UJ~ 2 

(lj 

P-. 
>---<I 

0 
8 9 I 0 11 1 2 1 3 1 4 

Excitation energy I KeV 

Fig. 4 - 3 - 1. A schema t ic diagram of the experimenta l setup a nd Fig. 4 - 3 - 2,A. Simultaneously measured pho t oacous tic and 

the photoacoustic ce I I for simu ltaneou s fluorescence excitation spectra for a 10 tL m 

measurements. thick copper sample. 

S , sample; W, Be windows; F, fr a me; M, mi crophone; 

Fl, AI f i Iter; D, Si (Li) detect o r . 
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and K/3 fluorescence respectively. In thi s 

80 r-------------------------------, ca l c u lation. intensity ratio of the and 

0 Ka X f l uorescence is assumed to be 5:1. The tota l quantum yield 

X Kb is about 0. 17. This va l ue is approximately 

,.........__6 0 
4--< ha If 0 f the reported (about 0. 4) value in the 

~ 
CL, 

I i teratures 2
• s. 47

" "'
8

) This is considered to be due to X- ray -'----" 4 0 fluorescence se If - absorption and also due to background 

0 noise in the photoacoustic spectra caused by L - absorpt ion 
. .--; 

-+-' / (1j and/or window materials. Further investigation of these 

~ 20 / / cant r i but ions are now in progress. 

Eo 

w ~ 
/ 

0 
0 2 4 6 8 10 1 2 1 4 

Excitation energy / KeV 

Fig.4-3-2,8. Plots 0 f the ratio 0 f photoacoust ic and 

fluorescent sig n al intensities as a function of 

excitation energy. Extrapolation is performed 

by least-square fitting. 
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CHAPTER V 

Application to Quantitative Analysis of Powdered Samples 

Photoacoustic measurements are well known as a tool for 

spectral analysis of powdered samples without requiring any 

sample pretreatment. In the X-ray region, elemental analysis 

can be conducted since atoms have characteristic 

absorption. One 0 f the problems in quantitative 

measurements of powdered samples is that the photoacoust ic 

intensity i s influenced by the particle s i z e s 0 f the 

powdered samples 63 > . Three factors needed to be considered 

are stated as follows. One is the optical saturation, which 

is caused by complete absorption of the excitation beam by 

particles with the large absorbing power. The second is the 

thermal saturation, which is caused by heat generated in the 

deep region of the particle whose size is larger than the 

thermal penetration 1 eng t h . This type of heat does not 

contribute to the signa l generation. The third is scattering 

of the excitation beam for fine particles, which reduces the 

absorption of 1 ight. The first and second factors can be 

avoided by using a high chopping frequency or pulverizing 

the sample i n to f in e par t i c I e s. The t hi r d factor i s very 

serious in the visible I ight region. While the third factor 

is not serious in the X-ray region. Since the refractive 

index of materials for X - rays is nearly so that the 
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scattering is smalt 2
• 

64 >. 

Measurements based on X-ray absorption a r e wei I suited 

for determination of heavy elements. In section 5 - I, an 

attempt to determine the iron content in aluminum hydroxide 

gel by X - ray photoacoustic measurem ents at a fixed X- ray 

wavelength (1. 504A.) will be presented with a discussion on 

the distribution of iron in a sample particle. This section 

i s based on the pub! i shed report. In sect ion 5 - 2. an 

approach to eliminating background wi II be discussed. 
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5 - 1 X - ray Photoacoustic Spectrometry Applied to 

Determination of Iron in Aluminum Hydroxide Gel 

Introduction 

In the X - ray region, elemental analysis can 

conducted using the characteristic absorption of atoms. 

be 

In 

particular, measurements based on X-ray absorption are wei I 

suited for the determination of heavy elements in a matrix 

which mainly consists of light elements 66 >. Pho t oacous tic 

measurements are known to be suitable for spectral analyses 

0 f powdered samples. In this study an attempt was made t 0 

determine the iron in an aluminum hydroxide gel by 

photoacoustic measurements in the X- ray region. The mass 

absorption coefficient of iron for X - rays in the range of 8 

to 20KeV i s larger than that of the aluminum hydroxide 

matrix. Thus, X - ray absorption increases as the iron content 

increases. Moreover, the photoacoustic signal depends on 

the thermal diffusion length, fl., of the sample and the 

average depth of heat generation, d. The thermal diffusion 

length i s a me as u r e of a so 1 i d' s a b i 1 i t y t 0 transfer 

heat to its surface and is expressed as 

2 k ( 2 rr; f p c ) . ( 5. I. 1) 

where k, f, p and Care, the thermal conductivity of the 

sample, the chopping frequency, the density and the specific 

heat, respectively. In general, d corresponds to the optical 
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absorption length or the particle diameter of the sampl e 

The optical absorption length equals l /{3, where {3 is the 

opt i ca I absorption coefficient 0 f the 

Theoret i c a I I y, the photoacoustic signal intensity 

as 

and 

f- 1 when 

fl. < 

fJ. > l /{3o rfJ. 

d. Therefore, 

pho t oacous tic sign a 1 

> 

the 

for 

d, and f - 3 1 2 

frequency 

powder 

when f.L < 

response 

sample 

sample . 

varies 

1 I {3 

of th e 

provides 

information concerning the diameter of powder particles or 

the distribution of iron in each powder particle. 

Experimental 

Photoacoustic measurements were conducted using 

synchrotron 

Laboratory 

radiation (beam I ine BL - 15A at 

for High Energy Physics, KEK) as 

the National 

an excitation 

source. The X-ray beam was monochromated at 1. 504A and 

focused to about 2mm diameter on the sample. 

photoacoustic cell used in this study is shown in Fig. 

The 

5 - 1 -

1. The powdered sample was packed in a concave shaped sampl e 

holder (18mm in diameter and about 0. 5mm in depth) in the 

eel I and covered with a poly-propylene based adhesive tape. 

The cell window and the bottom of the sample holder were 

made of thin Be plates (0.25mm and 0.5mm). The photoacoustic 

sign a I was detected by a condenser microphone attached t 0 

the ce I I where the signal was then sent to a lock - in 

amplifier (NF Circuit Block Inc. Ll575). The pho t oacous tic 
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Fig. 5 - 1 - 1. Sectional view of the pho t oacous tic c e I I for 

measurement of the powder samples. 

S:Sample, H:sample holder, Bl:upper Be window, 

B2:1ower Be window, M:microphone, e :o - rings. 
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signal intensity was normalized to the X- ray beam inten s ity 

measured by an ion chamber positioned in front 0 f the 

photoacoustic cell. 

Ten grams of anhydrous aluminum chloride were dissolved 

in 400ml of deionized water; then the desired amount of 

iron(lll) chloride solution and 20g of urea were added. The 

mixed solution was heated on a water bath for about one 

hour. Precipitat e d aluminum hydroxid e gel was separated by 

filtration on a glass filter (G3 type) and washed with 

deionized water. The gel was dried for one day in an 

at IIO"C and ground to powder. The iron in the sample 

determined by a UV - V I S spectrophotometric method 

o-phenanthrol ine as a color reagent 

water content in the sample was determined 

oven 

was 

with 

The 

by 

thermogravimetric analysis (TGA) and differential therm al 

ana l ysis (DTA). The analyses were carried out with a thermal 

a n a l yzer (Shimadzu, DT-30) in the temperature range fr om 

room temperature t 0 about 450"C under the fo ll owin g 

conditions: a nitrogen atmosphere flow rate of 26.5cc/rnin, 

rate 0 f 15"C / min, weighted portions 0 f I I. t 0 heating 

21. lmg, 

±25J.LV. 

TGA fu II sea I e ±25mg and a DTA full scale of 

Resu l ts and Discussion 

The results 0 f the spectrophotometri c and thermal 
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analyses are I is ted in Table 5 - 1 - 1. The iron content in the 

samples were found to be lower than the calculated values, 

since the gel contained a large amount of water. The results 

of DTA and TGA analysis are shown in Fig. 5 - 1 - 2. DTA 

analysis gave two broad endothermic peaks at abo ut 70~ and 

2 5 O'C. These peaks were assigned to two types 0 f water 

(adsorbed and dispersed water) in the gel. Aluminum 

hydroxide gel changes to active alumina 

0 . 6) above 300'C 67
'. In the calculation 0 f the water 

content, it was assumed that the sample contained a certain 

amount 0 f water above 450'C and that n "0. 6. The water 

content in the samples was determined by calculation of the 

weight loss in TGA analysis above 60~. and is also shown in 

Table 5-1- 1. 

The photoacoustic signal int ensities, [p, are plotted 

in Fig. 5- I- 3. as a function of the iron content, as 

determined by a spectrophotometric method in the visible 

light region. It was found that the background intensity was 

large at low chopping frequencies. The background intensity 

showed a tendency to decrease at high chopping fr eq uencies . 

The photoacoustic signal of the aluminum hydroxide ge l was 

estimated from the elemental composition of the sample. The 

mass absorption coefficients of AI, 0, H and Fe a l I. 504A 

were found t 0 be 44. 9, 10. 6, 0. 4 3 and 288cm/g, 

respect ively 1 >. Under the conditions that the thickness 0 f 
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Table 5 - I - 1. Iron and water contents in samples 

Sample No 

2 

3 

•1 :calculated 

p:density, 

temperature 

3 5 O'C. 

Fe· 1 Fe· 2 p water content 

wt% 

0 

2 

3 

iron 

wt% 

0. 031 

0. 53 7 

0. 677 

0. 939 

content, 

•3:weight loss 

g/cm 3 

0. 77 10. 

0. 70 6. 

0. 81 5. 

0. 66 4. 

•2:determined 

in the range 

t 0 1 OO'C, •4:weight loss above 
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wt% 

g•a + 58. 6"• 

6"" + 71. 1 •• 

2"" + 70. s·• 

1. s + 69. 9"' 

iron content, 

from room 

120'C up t 0 



A. 

""T 
5mg 
_j_ 

Al(OH)J·nH20 

200 
T I oC 

DTA 

TGA 

Fig. 5 - 1 - 2A. Results of thermogravimetric and differential 

thermal analysis for sample No-1 (sample 

without iron addition). 
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B. 

+ 
'!'"" 

50_1..N 
_l_ 

'1'"" 
5mg 
_L 

Al(OHhnH20: Fe 

DTA 

TGA 

200 100 
T I oC 

Fig . 5 - 1 - 28. Results of thermogravimetric and different ia l 

thermal analysis for sample No - 4 (sample 

with iron addition, Fe 0.939wt%). 
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25 

> the sample was 0. 5 mm a nd that the th e rm al penetration dept h 

::1, / ~20 
+--' .. ····· 0 

was large particle compared to the s i z e. the r e 1 at i ve 

intensiti es of th e photoacoustic signals were calculated as 

(f) 

c 1. 000, 1. 0 1 1, to 4, 1. 0 51 and 1.113 for samples No 

Q) 15 
+--' 

respectively. The se results show that the co ntribution 0 f 

c 
iron a toms to the total photoacousti c signal intensity was 

0 10 considerably low. The results also roughly agree with the 

c 
CJ) experimental results obtained at a low cho pping frequen cy 

(f) 

I 
(1. 000 , 1. 038, 1 . 07 5 and 1. 338, f : IOHz). How ever , a further 

<( consideration i s required concerning the excess sampl e 

o__ 
0 intensity with the addition of iron. 

0 0.2 0. 4 0. 6 0.8 
The signal intensity for a samp l e without any additi on 

Fe wt% 
0 f iron was subtracted from the raw photoacoustic signa I 

intensiti es as the background intensity. Figure 5 - 1-4 

shows the corrected photoacoustic signal intensit ies plott ed 

as a function of iron content. It was found that plots for a 

Fig. 5 - 1 - 3. Photoacoustic intensities versus iron content for hi gh chopping frequency show good linearity and a I OW 

various c h opp in g f r equencies. The estimated background cont r ibution. This suggests that measurements at 

photoacoustic signal intensities are also plotted. a high chopping freque n cy are preferable for quantitativ e 

which is normalized to the photoacoustic signal analysis. I f the iron was uniformly distributed in the 

intensity of the sample without any addition 0 f sample. the relative photoacoustic s i gnal at high chop ping 

iron and at a chopping frequency of 10Hz . frequencies can be calculated by assuming the sample is 

-0--0- :10Hz, • • :20Hz, -D---0- :40Hz, thin. This i s because the thermal diffusion l e n g th be comes 

• • :80Hz, ··D·· ··O·· :estimated value for short at high chopping frequencies. For ex amp I e. the 

0 . Smm sample thickness. reI at i ve intensities for a sample of 0. lmm thi c kness wer e 
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Fig. 5-1-4 . 

(f) 

c 
2~ 
c 

0 
c 
.~2 
(f) 

I 
<( 
o_ 

0 
0 0. 2 0.~ 

Fe 
0. 6 

wt% 

Corrected photoacoustic intensities 

0.8 

versus 

iron content for various chopping frequencies. 

Photoacoustic signal intensities estimated from 

the mass - absorption coefficient and the heat 

capacity are also plotted. 

0:10 Hz, e: 20Hz, 0:40 Hz, .:80Hz. 
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calculated to be 1. 000, 0. 9996, 1. 094 and 1. 111. These 

values are not consistent with the experimental va I ues, and 

suggest that the assumption of a uniform iron distributi on 

in the sample is not valid. 

Figure 5 - 1 - 5 shows the change in the signal intensity 

versus chopping frequency. The signal intensity decreases as 

f - 1 for samples with iron add it ions (No - 2, 3, 4). However, the 

signal intensity decreased as f - 312 for samples without iron 

(No - 1). These two relationships between the photoacoustic 

sign a I intensity and the chopping frequency correspond to 

the two cases in RG theory 7 >. One is the case where the 

sample is thermally thin and the other where the sample i s 

thermally thick . Thus, the aluminum hydroxide gel powder 

without iron is thermally thick in this chopping frequency 

range, while the samples with iron added were thermally 

thin. This suggest that iron is concentrated at the surfaces 

of the particles . Microphotographs of the sample powder are 

shown in Fig. 5 - 1 -6 . A microphotographic observation showed 

that the prepared powder samples have a wide distribution 

over diameters ranging from few {J.m to about lOOfi.m. It i s 

also possible that the sample powder was not homogeneous and 

that the iron was concentrated in small particles. Thus, 

photoacoust ic spectrometry in the X- ray region can give 

information concerning the elemental composition and 

distribution of eleme nts in a powdered sample. 
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0 
c 
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(f) 
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<t: 
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1 '1 10 100 

Chopping frequency/Hz 

Fig. 5 - 1 - 5. Photoacoustic intensities versus chopping 

frequency. 

O :sample No - ! (Fe 0.03lwt%), 

e:sample No - 2 (Fe 0. 537wt%), 

D :sample No - 3 (Fe 0. 677wt%), Fig.5-l-6A,B. Microphotographs of powdered samples (X40). 

•=sample No - 4 (Fe 0. 939wt%). A:sample No-l<Fe 0.03lwt%), 

B:sample No-2(Fe 0.537wt%). 
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c. • • 
... 

D. 

Fig.5-l-6C,D. Microphotographs of powdered samples (X40). 

C:sample No-3(Fe 0.677wt%), 

D:sample No-4<Fe 0.939wt%). 



5 - 2 X-ray Photoacoustic Spectra of Powdered Samples 

In section 5 - 1, it was demonstrated that the 

determination of iron in aluminum hydroxide gel can be made 

by X- ray photoacoustic measurement at a fixed X- ray 

wavelength (1. 504A). The background sign a 1 intensity , 

however, was not neg! igibly small. One of the approaches to 

eliminate the background contribution is to measure the 

absorption jump at the absorption edge of the target 

element 66 >. In this section. we present examples 0 f 

measuring the absorption jump of the Fe - K absorption edge in 

the X- ray photoacoustic spectra of powdered samples measured 

with a monochromatic X- ray beam. 

Experimental 

The photoacoustic measurements were conducted using 

synchrotron radiation (beam line BL-lOC at National 

Laboratory for High Energy Physics, KEK) as an excitati on 

source. The X- ray beam was monochromated at 1. 70 t 0 1. soP. 

and focused to an area of about 3X8mm on the sample. The 

chopping frequency was 8Hz. Photoacoustic eel 1 and detection 

system used in this study was the same as that shown in 

section 5 - l (Fig. 5 - l - l). The powdered sample was packed in 

concave shaped sample holder (18mm in diameter and about 

0. 5mm in depth) in the photoacoustic cell and covered with 
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poly - propylene based adhesive tape. The beam intensity was 

measured using copper f 0 i l (thickness 0. 01 mm) as an 

absorber, and the photoacoustic intensity of the sample 

powder was corrected for variations of the beam intensity. 

The samples we re iron sponge powder (J hanson and 

Matthey) and active alumina powder. The active al umin a 

powder was obtained from aluminum hydroxide gel powder 

containing a specified amount of iron by heating at about 

600'C under atmosphere . Iron in the active alumina powder 

was determined to be 0. 02% and 1. 72% by UV - VlS spectroscopy 

using o - phenanthrol ine as a color reagent = 510nm) . 

The density of the active alumina powder and iron sponge 

powder were about 1. 29 and 3. 34 respectively. The particle 

size of the iron sponge was less than 100/Lm, while that of 

the active alumina ranged from about lO ,lLm to 0.5mm. 

Results and Discussion 

Figure 5 - 2 - 1 shows the X- ray photoacoustic spectra 

obtained by sequentia lly changing the wavelength of the X-

ray beam. The absorptio n edge of iron was observed for the 

iron sponge powder and the active alumina powder containing 

iron. The absorption edge can be designated with the 

magnitude and wavelength of the absorption jump. The 

wavelength of the measured absorption jump agreed with 

previously obtained values in the literaturei>. However, the 
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Fig. 5 - 2 - 1. X - ray photoacoustic spectra near 

absorption edge. 

1.78 

the Fe 

--{)--0-- :act ive alumina (Fe 0.02wt%), 

• • :active alumina (Fe 1.72wt%), 

··0 ···0 ·· :iron sponge. 
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magnitude of the jump was larger than the expected value. In 

this section, the measure of the magnitude of the absorption 

jump i s given by R 1 which is defined as the ratio of the 

intensity on the high energy side of the absorption edge to 

the in tensity on the low energy side of the absorption edge. 

The observed value of R 1 for the iron sponge and the active 

alumina with iron was I. 3 4 and I. 16, respectively. 

Photoacoustic spectra of the iron sponge and active alumina 

powder were calculated by the a mount of X - rays abso rbed in 

the sample from the elemental composition, the density of 

the sample powder and the thickness of the sample. Mass 

absorption coefficients of AI, 0, Hand Fe at 1.70 , 1.75 and 

I. BOA were obtained by referring to the iterature 1 > and 

those in the intermediate regions were estimated from 

interpolation and extrapolation . The relative intensity of 

the photoacoustic signal was calculated on the condition 

that the thermal penetration depth was large compared to the 

particle size. Figure 5 - 2 - 2 shows the expected photoacoustic 

spectra of iron sponge for various sample thickness. As 

shown in Fig. 5 - 2 - 2, absorption jumps are large for thin 

samples. R, was calculated to be I . 78, I. 59, I. 3 6, I. 2 4, 

I. 0 4 and 1. 00 for sample thicknesses of 0. 05, 0. 06, 0. 08, 

0. 1, 0. 2 and 0. 5mm, respectively. According to the theory 

for photoacoustic signal generation 17 >, the effective sample 

thickness for signal generation is limited by the thermal 
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Fig. 5-2-2. Estimated X-ray photoacousti c spectra of 

6 
5 

4 
3 

c 
1 

1.8 

iron 

sponge powder. Traces to 6 correspond t 0 

spectra of sample thicknesses 0. 05, 0. 06, 0. 08 , 

0. 1, 0. 2, and 0. 5mm, respective I y. 
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diffusion length. In this experiment , the th e rmal diffusion 

length was large compared t 0 the size of the powder 

particle. The re a son that a sample thickness 0 f 0. 08mm 

explains the empirically measured spectra well is not clear. 

One of the possible explanations i s that the expected 

pho t oacous tic spectra was obtained from absorption 

coefficients which do not take into account the effect 0 f 

EXAFS. Therefore the actual spectra show a larger rise at 

the absorption edge than the expected v alue . 

Figure 5 - 2 - 3 shows the expect e d photoacoustic spectra 

0 f active alumina with I. 7 2% iron for various sample 

thicknesses. R, was calculated to be I. I 3, I. I 3, 1. 12, 

I. I I, !. I 0, I. 0 7' I. 03 and I. 02 for sample thicknesses 0 f 

0. 0 I, 0. 02, 0. 04, 0 . 06, 0. I, 0. 2 and 0. Smm , respectively. 

These results show that the measured RJ was larger compared 

to the estimated RJ for a 0. 5mm thickness, and was the same 

as that est im ated for a thickness of 0. OJ and 0. 02mm. It is 

considered that the effective sample thickness was smaller 

than the actual thickness. This is consistent with the 

results in section 5 - l, where the photoacoustic intensities 

with addition of iron were larger than those estimated from 

the elemental composition, which was attributed t 0 either 

concentration 0 f iron clusters or surface segregation 0 f 

iron. Another possible explanation may be attributed to the 

fine structure at the absorption edge. 
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Fig. 5 - 2 - 3. Estimated X-ray photoacoustic spectra of 

alum in a powder with I. 72% iron. Traces 
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7 

6 

!:J 

4 
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correspond to spectra for sample thicknesses 0 f 

0. OJ, 0. 02, 0 . 04, 0. 06, 0. I, 0. 2, 0. 4 and 0. 6mm, 

respectively. 
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CHAPTER VI 

X-ray Photoacoustic Imaging of Surface and Subsurface 

Structure of Layered Materials 

Introduction 

Photoacoust ic signals depend on optical, thermal and 

elastic properties as well as on the geometrical shape 0 f 

the sample. Ph at oacous tic imaging techniques for 

characterizing structured samples have been widely 

investigated 6 >. In particular non - destructive observation of 

the surface and subsurface structure is of interest in 

characterizing materials such as ceramic coatings. es> 

semiconductors, 69
• 

70 > subsurface grooves, phase 

transitions 72 > and subsurface defects of ceramics 73 >. The 

photoacoust ic image generally shows spatial variation in i) 

opt i ca I properties (coefficients of absorption, reflection 

and scattering), i i) thermal properties 

conductivity, heat capacity and thermal expansion 

(therma I 

factor) 

and 

the 

iii) elastic properties of the sample 7 •>. The study of 

thermal properties for a sample is we I I suited t 0 

pho t oacous tic spectroscopy. X-ray photoacoustic imaging i s 

simi I a r to those in the visible light region in the sense 

that the image reflects information on the thermal and 

elastic properties of a sample. X- rays penetrate deeply 

into materials and is insensitive to sample surface because 
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the refractive index of materials is nearly 1 for X - rays. 

Therefore, X- ray excitation seems to be more suitable for 

the imaging 0 f subsurface structures than vis i b 1 e 

excitation 75 >. Furthermore, since X- ray absorption is 

characteristic 0 f the chemical element and the optical 

properties in the X- ray region differ from those in the 

the vis i b I e region, it is 0 f interest t 0 measure 

photoacoustic images in both of these wavelength regions. 

This chapter is based on a previously published 

report 76
'. 

Experimental 

Experiments in the X-ray region were conducted using 

synchrotron radiation at beam line BL-!5A of the Photon 

Factory (Tsukuba, lbaraki, Japan). The beam was 

monochromated at !. 5041. Figure 6 - 1 shows schematic 

diagram of the experimental setup. The X- ray beam was 

narrowed with the use of a lmm lead pinhole and was chopped 

with a rotating sector. The photoacoustic cell used in 

experiment was the same as that described in chapter 

this 

4 - 1. 

The cell windows and the cell body were made of beryllium 

and brass. respectively. The photoacoustic ce I I was 

mounted. The photoacoust ic sign a I was detected by 

condenser microphone and then amplified by lock - in 

amplifier (NF CIRCUIT BLOCK INC., Ll575). The amplitude and 
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~X 

Fig. 6 - 1. Schematic diagram of the experimental set up for 

X-ray photoacoustic imaging. 

E, monochromatic X-ray beam of synchrotron radiation ; 

Ch, chopper; C, photoacoustic cell; XZ, computer 

controlled XZ - stage; P, preamplifier; L, lock - in 

amplifier; D,desk top computer with A/D converter; 

HC, hardcopy. 

180 

phase output signals of the lock - in amplifier were led to an 

analog-to - digital converter and stored in a computer memory 

(NEC, PC9801). Data acquisition times ranging from 30 to 60 

seconds were required to obtain a desirable photoacoustic 

image since the X- ray beam was narrowed by the lead pinhole 

resulting in an intensity loss. The XZ - scanning 0 f the 

sample position was control led by the computer. Each step of 

the scanning was set to lmm or 0. 5mm. In the former cas e. 

the imaging area was divided into 16 Xl6 points and in the 

latter case the imaging area was divided into 32X32 points. 

In the case of photoacoustic measurements with visible or UV 

light excitation, the upper beryllium window of the cell was 

replaced with a lmm thick quartz window. The light beam from 

a 500W xenon arc lamp was filtered with an UV cut (TOSH 1BA, 

Y44) or uv pass (TOSH 1 BA, UVD3 68) f i 1 t e r and focused t 0 

spot 0 f about lmm in diameter on the specimen. 1R 

components in the beam was removed with the use 0 f an 1R cut 

(TOSH 1 BA, 1RA -25 S) f i 1 t e r. 

Samples. 

A laminated sheet of aluminum and lead f 0 i 1 and 

f 1 ex i b 1 e print circuit board were used as samples. 1 n the 

case of the laminated sample, pieces 0 f aluminum f 0 i 1 

(thickness about l5flm, diameter 18mm) were made to adhere 

on the two sides of a piece of lead foil (thickness !OO,um, 
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0 1 

Fig. 6-2. Photographs of a flexible printed circuit board. 

a, X-ray exposed face and b, back sIde. 
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diameter l8mm) by cyanoacrilate resin. The lead layer had a 

rectangular hole (3X4mm) at the center. Figure 6 - 2 shows 

photographs 0 f the flexible print circuit board . The 

flexible print circuit board consisted 0 f basically 3 

layers: i) orange colored polymer base. i i) copper print 

circuit strip or colorless polymer layers on both sides 0 f 

the base. and iii) orange colored surface polymer layers on 

both sides of the print circuit board. The thickness of each 

layer was about 50,am. The bare part of the print pattern of 

copper strip was coated with soft metallic solder. 

Results and Discussion 

Figure 6-3 shows X- ray photoacoustic images 0 f the 

laminated sample made of aluminum and lead foil. For each 

data point. a data acquisition time of 30s was required. The 

imaging area (15X15mm 2
) was divided into 16 X 16 points 

(256pixels) and the XZ - stage step size was set to be 1mm. 

The hole at the center of lead foil below the surface I aye r 

is clearly seen in the figure. In the signal amplitude image 

(Fig. 6 - 3 a), the signal intensity is weak in the central 

part of the specimen and strong in the surrounding area. On 

the contrary. as shown in Fig. 6-4a. signal intensity for 

the visible light excitation is strong at the central part 

and weak in the surrounding are a. These results are 

interpreted as f o I I ows. i) X- ray absorption mainly 
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b. 

Fig. 6-3 . X- ray photoa c oustic images of the lead 

l aminated samp l e . 

a, amp I i tude image and b , phase image . 
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a. 

b. 

Fig. 6-4. Visible light photoacoustic images of the lead 

aluminum l aminated samp l e. 

a , amp I i tude image and b, phase image . 
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occurred in the lead foil and consequently the signal is 

weak in the central part where the lead foil is missing. ii) 

The absorption of the visible l ight occurred only at the 

aluminum foil surface, so that the heat generated uniformly 

over the whole surface of the specimen. The thermal 

properties, however, are not uniform over the whole surface 

to the presence of the lead foil beneath, and that the due 

heat loss due to heat diffusion into the lead f o i I occurs 

only in the peripheral part of the sample. Consequent I y, 

the photoacoustic signal is intense in the central part of 

the sample. 

In the X-ray photoacoustic image of the phase signa I 

(Fig 6-3b), the phase delay is small in the central part of 

the specimen and large in the surrounding area. On the 

contrary, as shown in Fig. 6 -4 b, the visible I i gh t 

excitation phase delay is large in the central part of the 

specimen and small in the surrounding area. These results 

are also interpreted as follows. i) In the surrounding 

of the specimen, X-ray absorption mainly occurs in the 

f o i I which i s at deeper I eve I 0 f the specimen 

consequently the phase delay is large. In the central 

part 

lead 

and 

part 

of the specimen, X-ray absorption occurs only in the surface 

aluminum layer and the phase delay is small. ii) Absorption 

of vis i b 1 e I i gh t occurs over the whole surface of 

aluminum foil. In the surrounding area, however, the 

I 8 6 

the 

heat 



loss occurs due t 0 heat diffusion in the lead f o i I, 

resulting in the immediate decrease of the surface 

temperature, so that the heat delay is larger in the central 

part and smaller in the peripheral, cool part 0 f the 

specimen . 

The results obtained in the experiments above show that 

the mechanism of the photoacoustic signal with X - ray 

excitation is somewhat different from that with visible 

I i gh t excitation. In the imaging experiments with X- ray 

excitation, the obtained images reflect the variation of the 

amount of heat generated in the specimen, while the images 

with visible light excitation reflect the variation of the 

rate of heat diffusion in the specimen. 

Figure 6-5 shows X-ray photoacoustic images 0 f a 

flexible printed-circuit board. The chopping frequency was 

29Hz. Data acquisition time was 60s for each data point. The 

imaging area (15 . 5X15. 5mm 2
) was divided into 32X32 points 

(1024pixe Is) and the XZ - stage step size was 0. 5mm. The 

printed copper stripes coated with solder were observed in 

the images of the signal amp! itude and phase delay. The 

print-circuits in the lower part of the specimen are covered 

with a polymer coating. which is also seen in the intensity 

and phase images. In the image of the phase de I a y, the 

printed-circuits on the surface show a small phase delay. On 

the other hand. the printed circuits at the subsurface layer 
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a .. 

b . 

Fig . 6-5. X-ray photoacoustic i mages of the flexible printed 

circuit boa r d. 

a, amp ! i tude i mage and b , phase image. 
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were observed to have patterns corresponding t 0 a l arge 

phase de I ay. 

On the other hand, in the photoacoustic images with UV 

light excitation, as shown in Fig . 6 - 6, the signal intensity 

is weaker in the copper print pattern than the other part of 

the specimen. In the signal phase images (Fig . 6 - 6b), the 

print pattern below the polymer layer was seen more clearly 

than in the amplitude image. These results are considered to 

be due to the high reflectance of the soft metallic coating 

on the print pattern and large heat diffusivity of th e 

subsurface copper patterns. 
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a. 

b . 

Fig. 6-6 . Photoacoustic images of the flexible 

circuit board with UV light excitation. 

a, amp! I tude image and b, phase image . 
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Summary and Future Trends 

Pho t oacous tic experiments in the X- ray wavelength 

region were successfully conducted with the use of both 

synchrotron radiation (SR) and a conventional X- ray tube as 

excitation sources. Photoacoustic measurements using th e 

monochromated X- rays of synchrotron radiation is excellent 

as an element - specific technique that campi iments th e 

conventional photoacoustic technique in the UV - IR region. 

Wh i 1 e, photoacoust ic measurements with the use of 

conventional X- ray tube, however, are also important in its 

convenience of ope rat ion and accessibility. In the 

photoacoustic measurements, thermal and elastic properties 

0 f samples are often of interest as in the chapters III or 

VI where layered structure samples were studied. It is 

noticeable that the refractive index for materials in the x­

ray region is approximately unity. Therefore, in the X- ray 

region one may observe the inner part of the sample without 

problem inherent in the surface reflection and diffusion. 

I n particular, photoacoustic method can measure true 

absorption of X- rays in the materials and can give 

informations about total flow of absorbed energy. Various X­

ray induced phenomena such as fluorescence, photo - react ions, 

phase transitions, dislocation and photocurrent wil I be the 

object of the photoacoustic technique. Furthermore, since 
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photoacoust ics i s not a detector limited branch 0 f 

spectroscopy, it will surely be extended into the soft X-ray 

region. New excitation sources such as synchrotron radiation 

using undulator are very intense in the soft X- ray region. 

In this thesis, experiments involving the X- ray 

pho t oacous tic effect in the fields of analytical chemistry 

and materials science were presented. In these fields, 

the surface has been scratched indicating some of 

only 

the 

possible applications of this technique to these diverse 

disciplines. In the near future, it is quite possible that 

photoacoustics will become a common and useful analytical 

and research technique for many scientists engaged in the 

and too I spectroscopic as X - rays 0 f as use a 

nonspectroscopic probe of thermal and elastic properties. 

Its ease of operation and versatility can only increase 

areas of applications. Examples of some new areas are: 

i t s 

(1) soft X-ray studies of biological, organic and inorganic 

compounds (modification of a PAS cell for the s 0 f t X- ray 

region should be quite straightforward, but photothermal 

deflection method or photothermal radiation method 

promising in the sense that no cells and no windows 

needed in these method , ); 

(2) depth profiling and imaging using an X- ray tube, 

opaque materials such as metals and composite materials 

are 

are 

0 f 

0 f 

metal and organic - polymers that cannot be readily examined 
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by conventional optical techniques; 

(3) the field of catalysis, where the characterization of 

heterogeneous metal oxides and oxide mixtures 0 f powd e r ed 

form may prove to be an important application; 

(4) the field of biology where the PAS technique can be us e d 

to study the effect of X- ray dosage in - situ for 

systems both in the laboratory and in the field, 

data that can now only be obtained a f t e r 

biologi ca l 

providing 

extensi ve 

estimation of X- ray absorbance and concentration 0 f 

components in the sample. 

In the X- ray region, new sources such as laser pla s ma 

X- ray 

have 

and synchrotron radiation using undulator or wiggler 

been deve I oped and wi II be soon available for the 

the excitation source. Furthermore, X- ray lasers are now in 

process 0 f development. Photon flux of these new sour c e s 

wi II be times or more intense than that 0 f the 

convention a I synchrotron radiation, and use of these new 

sources wi II solve the problems of X- ray photoacoustics 

which arise from insufficiency of X- ray f I ux. Focusing 

technique 

Hadamard 

of X- rays and transform techniques such as 

transform technique wi I I improve the signal - to -

noise ratio and spatial resolution in X- ray photoacoustic 

imaging, and wil I make it convenient and, moreover. precise. 

The next few years should be an exciting period 0 f 

growth for photoacoustic spectroscopy in the X- ray region. 
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