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Abstract

The pulsed nature of synchrotron radiation permits time resolved spec-
troscopy in the VUV spectral range. In the foreground of discussion

is the use of time resolved technigues in fluorescence spectroscopy.
The time constants presently accessible extend from the ps to the

ms regime, over nearly nine orders of magnitude. The experimental
techniques which fit best Lo the properties of the excitation source,
as well as an advanced experimental set-up for time resolved Fluﬁres—
cence spectroscopy, are described. Various results are presented de-
monstrating the unique possibilities for time resolved VUV spectros-

copy offered by synchrotron radiation excitation.



L. Introduction

The outstanding properties of synchrotron radiation (SR} as a light

source for spectroscopy in the YUV spectral range are well known and

are described in a number of booiks {E—EB. For the purposes of the

present paper we must mention

(1) the tunability over a large spectral range covering the wholg
YUV part of the electromagnetic speclrum

(1i} the nearly laser-like vertical collimation

(iii) the well defined polarization (100 % linearly polarized wikhin
the plane of the orbit, elliptical polarization above and below
the plane of the orbit).

The basis of time resolved speclroscopy with SR, however, is

(iv) the pulsed nature of the exnitation source.

Since the electrons {or positrons) confined within the storage ring
are accelerated only when they are in phase with the radic frequency
field produced by the resonant cavities, they are not distributed
randomly along their orbit but are collected in so-called bunches.
The longitudinal FWHM, 1 , of the bunches is typically a few cm and
the bunches orbit nearly with the speed of light, o. An observer of
the radiation emitted fcom a certain print of the orbit therefoin

sees flashes of light with a2 duration t =~ I/p.

Ihe ‘tepelition rate of Lhe radiation pulses 1s very high. I{ o bunch

are stored, this rate 1s given by 7 = m/ln = n e/t (TD is the bime
per revolubion, L is the length of the ncbilb . In table I, a few rapre-
sentative numerical values of 7, f, etc. are collected.

S

The potential power of SR excitatipn for time resolved spectroscopy

|
in the YUY was recognized very early. The pioneering experiments are
described by Lindquist et al. [4] gnd Heaps et al. [5], Since then,
several reviews were published [6—1;}. Different experimental methods
of time resolved spectreoscopy are well establishéd now, like

(1) real time analvsis wilh single photon countling techniques
S . b gle p G q

(i1} phase fluorometric methods

{1i1) time-of-flight methods

(iv) stroboscopic methods.

All of these methods and their applications are described, e.g., in

the recent review of Munro and Schwentner[lB]' It is not the purpaose

of the present paper to compete with these reviews but rather to

concentrate on those problems in which time resolved speclroscopy

with SR permits one to investigate time-dependent phenomena like 1ife-

times of exeited states, intra- and intermoleculer dynamics of mole- :
cules, energy transfer processes, elementary chemical reactions etc.
OF central importance in this context is the field of time resolved
fluorescence spectroscopy in the VUV, which will thecefore be in the
foreground of discussion. The related experimental methods and the
considerable progress in instrumentation achieved in the past years
are described In sections Z and 3. In section 4, finally, various
experimental results are presented. This paper does not cover those
aspects of time resolved speclroscogy in the VUV, which are related
to brological problems. This latter topic is presented in a separate

papet E ta ]

Z. Experimental methods

2.1 Real tuime analysis wilh single photon count ing

Real time analysis in conmech too wi L single photon counling 1s an
y i

cxleomely useiul and sensil lve technique. The essentials are shown



in fig. 1, which includes in the upper part a schamalic representation
of the time structure of the source with two adjacent excitation pulses

separated by T = To/n,

A single photon event at the photomultiplier PM correlated to excitation
pulse {a), is shaped by a discriminator. In order to keep the time
jitter due to the pulse height distribution of the PM as small as
possible, a constant fraction discriminator (CFD) is often preferred.
The shaped pulse starts a time-to-amplitude converter (FTAC) which

is stopped by a signal synchronized to the excitation pulses. The

1AC converts Lthe time interval between "START" and "STOP" Lo a pulse
height. In this particular case it measures T - §, & being the time
delay between the event at the PM and the corresponding excitation
pulse. As shown in fig. 1, a Fast preamplifier (PA) is included between
the PM and the TAC . This preamplifier is not generally necessary;

it's use depends on the amplification of the multiplier used.

The reason why the VTAC is started by the event and stopped by the
excitation pulse is quite simple. The dead time of the usual electronics
i1s much larger than T. lhus if the 1AC were started by the excitation

pulse, this would dramatically reduce the sensitivily of the set-up.

Finally, the multichannel analyser (MCA) analyses the height of the

TAC pulse. By repeating this procedure again and again, the temporal
’

distribution of the delay, § , is obtained. This distribulion is precisely

the time dependent signal created by the excitation pulse. In the

simplest case, it is the decay curve of an excited state.

Some resktrictions must be taken into consideration.
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(1) The counting rate of the PM must be much smaller than the repetition
rate (e.q., below 1 % of f). The probability of more than one event
per excitation pulse must be negieqible, because a second event cannot
be detected due to the dead time %F the electronics. However, even

for the smallest repetibtion rates Fvailable (f = 1 MHz, see table 1),
counting rates up to ~ lﬂa cps can}be used. Therefore, this is not a
severe restriction. Mareover, the Use of a pile-up gate would improve
the situabion considerably.

(ii) The measurement of T - § is eguivalent Lo the measurement of §
only if the repetition frequency is very sbtable. This condition is
fulfilled in modern storage rings and allows for a time resolution

in the low ps regime.

(iii} Yhe unambiguous assignment of an event to its excitation pulse
restricts the duration of the signal to values smaller than T. Only

if the signal yields a single exponential decay can lifetimes as long

as about ten interpulse periods be accessed [15].

Ihe experimental test of the method is an analysis of lLhe exciltation
puise itself. We prefer to measure the so-called apparatus function

Ly woniloring the prompt scaltered monochromatic radiation. Such a
"stray light spectrum" is shown in fig. 2 [16]. This spectrum was
measured with an open channel plate detector sensitized with a coverage
of Lsl for the near VUV; it represents a convolution of the excitation
pulse ilself (FWM = 130 ps) with the response of the detector and

the electronics used. To a gnod approximation the spectral shape is
Gaussian. With more convenlbional multipliers, like the Valvo XP 2020

1 which 1s widely used in Lhe near VUV and in the UV spectral range,

the TWHM is typically about 700 ps.



The FWHM of the apparatus function is a qood measure of the nltimate
time resnlution. A rough estimate of this resolution is a tenth of

the measured FWHM éf the apparatus function. This means that, under the
conditions of [16] (cf. fig. 2}, one should be able tc measure Life-
times of the order of T =20 ps % 3 ps. The details, however, depend
sensitively on the cemplexity of the signal (i.e., single exponential
decay or not), the signal-to-necise ratio etc. The time resclubion has

been further increased considerably at the storage ring MAX at Lund [la]

The experimental method under discussion allows for a very useful variant

(cf. fig. 1). IF one includes e single channel (SCA) analyser after
the TAC, one can define a time window 6t with a delay At relative to
the excitation pulse. In other words, only those events are allowed
to pass through the SCA which occur within the bLime window &t . Wikh
the MCA one can easily visualize the Lemporal position and widlh of

the time window.

This "galing technique” is not only useful in measuring time resolved
fluorescence spectra (examples are given in section &) bul it can
also be used to improve the signal-Lo-dark-count ratiol If the signal
is fast (compared wilh T}, it can be measured wikth an appropriate time
window 6t without any lesses in couting rate. However, the dark count-
ing rate is suppressed by a f%ctor of §t/7. In this way, it is possible
to work at a level of down ko;ﬂ.l cps. In other words, the dark count-
|
ing rate no longer limits the %ensitivity. Ihe universal potential
power contained in the gating fechnigue mav be demonstrated by wen-~
tioning an example far cubside the scope of the present paper. fhe
ploneering experiment on MdBbaver spentroscapy with SR [17] was noly
possible because the gating technique allowed for a suppression of
the prompt, incoberently scattered x-ray photons against the coherent ly,

Lime-corvelated MoBbauer photons.

-8 -

2.2 Phase fluorometric methods

The basic idea here has heen known for a long time [18] . Suppose
that we are given a system with an excited state which emits fluores-
cence via a single exponential decay. The system may be excited by a
sinusoidal, intensibty-madulated source

T(t) = 10[1 + acusiwt) ] \ (1)
where o is the mndulation amplitu&e and w is the angular frequency

of the modulation.

Ihe fluorescence signal is the convolution of the excitation function
with the decsv function F(E) :T—l expl(-t/1):

ACE)=fI(E-t") F(L)de = [D[L + acos Yeosiwb-y) | (2)
The fluorescence signal is Lherefore modulated with the frequency of
the scurce, put with an attenuated modulation amplitude given by
Qcosy . This signal is phase shifted by an angle ¥, which is defined
by

tar W wi. (3)
fhe modulation ratio m (i.e. the ratioc of the two modulation ampiitudes)
is

m = _Eﬁgéﬁ = cos b= (l+u}12)~1/2 (4)

Thus a measurement of the phase shift, or of the modulation amplitude,

directly yields the lifetime 7 of the excited state.

This method can be used with any periodic excitation source. The results
for sinusoidal madulation hold for any Fourier component of Lhe exci-

tation and the resultant flunrescence Slgnal[l3,l9[

s
Lant = oo T
n ]

2)-1/2 5)

m_ o= [!+(mn U}
2] : {1



In these equations n is the number of Lhe fourier component andxuo

= 2nf.

Because of the extremely large disparity between the pulse widlh and

the interpulse perind, the intensity of the n th fourier component

is comparable to the intensity at zero frequency (i.e., the averaqe
value), even for high n [19], In olher words, the analysis can be
performed for high harmonics, still using nearly the entire fluorescence
intensity. Therefore, according te eq. (5), very short lifetimes can

be measured (down to the sub-ps regime ?) without severe losses in

sensitivity.

in the pioneering experiments at SPEAR [ZU], a direct analysis at
about 50 MHz was performed using rf-filters and lock-in kechniques.
Since a Fourier analysis at some 100 MHz is difficult, a cross-corre-
lation technique was developed, in which the high frequency (n wO)
signal of the detector was mixed with a slightly different frequency
(n m0+Am) [19]. The whole information is then deduced from Lhe signal
component with the difference frequency hw. This requires only simple
and cheap electronics. Various lifetimes, down to T = S00 ps, were
measured with Lthis technique at an accuracy of a few percent {19].

AY
A direct comparison of real time analysis and phase fluoromelry with
SR has not yet been performed. Il is immediately clear that measurements
which include the whole fourier space ave equivalent to real Lime
analysis along the full time axis and vire-iersa. Howeter, at low
fluorescence intensity levels (countimy rates below 100 - 1000 cps

[19]) the real bime analysis seems tn he superior at present.

3. The Experimental stabion SUPERLUMI

In order lo illustrate the great utility of time resolved fluorescence
spectroscopy, we will now describe an experimental set-up which was
designed and successfully implemented over the last several years

at HASYLAB.

The beamline and the 2m-NI-wonochromastor for the spectral selection
of Lhe exciting light accept 50 mrad (horizontally) of Lhe SR of a
bending magnet {21}, The ‘woncchromatict light is focused to a spot

in the center of a multipurpose sample chamber. Three different secon-
dary moncchromators for the spectral analysis of fluorescence are
permanently attached to the sample chamber [22,23]. Numerical para-

meters of this set-up are given in table 1.

The secondary monochromator [I1 covers the spectral range from the

near UV to the near IR. The analysis in the VUV spectral range is
performed with monochromators I and [1. One of these (1) was designed
for large acceptance, bul abecrration limited,medium spectral resolu-
tion {22] : This is an f-number 2.8 instrument with exbtreme sensitivity.
If high spectral resolution in a Fluorescence spectrum is desired,
wstrument I1, which has a much smaller f-number, can be used [23].
Monochromator Il was one of the recent substantial improvements in

our selb-up. lhis is demonstrated in fig. 3, which shows a small sec-
tion of the VUV-fluorescence of the 1 IX: state of the Cl2 molecule
[24] excited selectively inlo a particular vibrational level. fhe upper
cutve was measured with monochromator I, the lower curve wilkh mono-
chivomator T1. In order lo improve the signal-to-noise ralio, the qating

terhnique described in sec. 2.1 was used in obtaining the lower curve.

f—
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Finally, a recent substantial improvement concerning the dynamical
range of Lime resolution should be mentiored. Because of the high
repetition rate of excitation, the accessible long-lifetime liwmik

is in the us regime even at a big siorsge ring likes DORIS. In order
to extend this 1limit to the ms regime, an ultrafast mechapical chop-
per was locluded by Haaks and Kampf [25] between the exit slit of

the primery monochromator and the sample chamber. The system is com-
patible with UHV conditions and uses magnebic bearings. etc. The fre-
quency of rotation can be as high as k.4 kHz. Fig. 4 shows the dimen-
sions of the chopper disk and a typical time resolved spectrum ob-
tained at the highest frequency. In this way, a really unique dyna-
mical range of time resolution in the WUV extending over nearly nine
orders of magnitude’ is accessible. This can be combined with selective
excitation in the VUV and fluorescence analysis over a large spectral

range extending from the VUV to the IR.
&, Some selected experimental resulls

In this section, several examples of time resolved speclkrescopy in
the VUV with SR excitation are presented. These examples are nol chesen
randomly but follow an idea which will now be outlined. Time resolved

A
spectroscopy is one of the basic methodologies used to study the pro-
perties of excited states of atoms, molecules or solids. The first
task, of course, 1s the determination of the lifetime af an exciled
state (4.1). Spectroscopy, in general, has also the task to determine
the energy of an excited state. Therefore. zn example is includad

in which time resolved methods helped tu solve this problem (4.2).

fhen, of course, time resolved spectroscopy cpens the field of excited
state dynamics by permitting an analysis of relaxation processes (4.3),
energy transfer (4.4), mixing of electronic states (4.5), and investi-
gation of elementary chemical reactions (4.6). (We have to admit,

however, Lhat this list is far from exhaustive!)

4.1 Decay curves

In simple systems like, e.g., atoms or molecules at low particle densi-
ties, the decay of an excited state can be described by a ;ingle expo-
nential, exp(-t/T). An example measured by Schmoranzer et al. [26]

is presented in fig. 5. Pleasec note the beautiful exponential decay
over more than four arders of magnitude, which stems from the H2
molecule which was excited selecktively into a particular ro-vibronic
level. The quantum numbers are given in the figure. {t is immediately

clear from such data, that lifetimes in the sub-ns regime can be ob-

tained with high accuracy.

4.2 Time resolved flucrescence of a relaxing system and the deter-

mination of potential energy curves

This example deals wilth Che determination of excited state potential
enecgy curves of an excimer wolecule. Excimers are the sub ject of
several investigabions because of their grealb practical importance
as laser molecules for the UV and the VUV spectral range. Rare yas
dimers are often regarded as models for excimer molecules. In fiq.
6, a set of potentianl energy curves characteristic of an excimer

(reatistic far Arz) is presented. Noke Lhe repulsive ground state,

the shatlow van der Wasls minimom of which camnol be seen in this

seale. the malecule possesses two bound exciled states terminat ing

(N
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at 3P1 and 3P2 aloms, respectively.
At large internuclear distences,; it is possible to determine the excited
state potential enerqy curves from absorption specktroscopy at large
particle densities [27] - It is a severe problem, however, Lo determine

the potential energy curves at small internuclear separation. In principle,
one has to excite the van der Waals molecules selectively into high
vibrational levels of the excited states. This is indicated in fig. 6

by an arrow. Then, one must analyze the spectral distribution of fluores-
cence, which is of the bound-free type [28]. Especially at the long
wavelength onset, one expects to observe an oscillalory behaviour of the
emission which stems from the so-called "lefL” or "inner" turning point
region of Llhe molecule. This type of emission direclly yields infor-

mation about the potential energy curves at small internuclear distances.

However, in the past this type of fluorescence spectroscopy was severely
impeded by the following problem. A sufficient amount of ground state
molecules exists only at high particle densities. Then, as is indicated
in the insert in fig. 6, vibrational relaxstion competes with radiative
decay and in a steady state experiment, even under state selective
primary excitation, a superposition of the fluorescence of various
vibrational levels is observed. The oscillatory structure is smeared

out and the determination of the potential energy curves is strongiy

hindered.

This problem can be overcome by exploiting the pulsed nature of SR
excltation and by using the gating tecnnique described in sec. 2.1.
in spilte ol the vibrational relaxation,it is possible to isolate Lhe
fluorescence of Lhe inilially excited stales (1) iF the fluarescencs

ts measured with a bime window, the waidih of which s comparabin

R V.

to the gas kinetic collision time, and (ii) if the delay to the exci-
tation.pulses is zero. Such measurements were performed for the First
time at Lhe ALCO storage ring [29] . However, the real breakthrough
was achieved with the SUPERLUMI station [30} . Fig. 7 presents the

fluorescence of the left turning point reqion of Xe,, Kr, and Ar..

27 2 2
Clearly, the oscillations are resolved. (It should be noted that the
counting rates here were only of the order of 1 % of the counting
rates in the maxima of the fluorescence spectra at shorter wavelengths.

This is a proof of the extreme sensivity of the set-up using mono-

chromator 1 for the spectral analysis of fluorescence.)

In fig. 7, the respective excitation wavelengths are given. The long
wavelength onset of the bound-free spectrum is clearly correlated

with the excitation wavelength, in agreement with theory [30]. Com-
puter simulation of the spectra Finally yields the desired information

about the excited states (here the 0: states).

4.3 Time resolved fluorescence spectra and vibrational relaxation

By "lime resolved fluorescence spectrum” we mean a flucrescence spectrum
(spectral distribution) measured at a given delay to the pulsed excitalion.
[n a practical experiment, the fluorvescence is measured within a short time
window. Fig. B shows such spectra for the Xe2 molecule [31] . The width

of the time window used was 500 ps and 1 ns, respectively. In addition the
delay was changed in steps of 500 ps (the delay time is given in the
figure). Within the first Few ns, the spectral distribution of the
Fluorescence underqgues dramatic changes as a result of vibrational
relaxalion of the molecaies ynduced by collisions with Xe aloms. (his

exampie was included Lo demonstrate that in bime resalved esperiments



under SR excitation it is possible to wvisualize dynamical changes

of the fluorescence distribubion even on s sub-ns time scale.

4.4 Relaxation of a maktrix-isclated system and energy transfer

In the last years, time resolved speclroscopic methods have come to be
more and more used in mabrix isclation speciroscopy. As an example,

a recent experiment of Kihle et al. {32,33} is discussed. These authors
analysed the fluorescence of NZ molecules in the Xe-makrix, especially
that of the A 32; state. In a first step, Kihle i al. measured the
steady state fluorescence spectra following selective excitation of the
N2 A state (steady state conditions are reached because the lifetime

of the emitting state is much longer than the interpulse period of
excitation) [32]. From Lhe intensity distributiorm it was found that

the stationary state population of the various vibrational levels of

the NZ A state exhibits a very unusual behaviour. This is shown in

the upper part of Fig. 9. Besides a schemabic potential energy curve

for the A state, the population of the vibrational levels is represenied
by bars. The arrows indicate the initially excited states. The peculiar
behaviour could be interpreted in terms of » very interesting type

of intermolecular energy transfer correlaled with vibrational relaxation

due ko coupling to the mabrix.

It was highly desirable Lo perform Lime resolved measurements. Afier
the insertion of the ultrafast mechanical chopper (sec. 3), such measure-

ion [33] . 1o the jower

ments became feasible on the SUPERLUMI sia
part of Fig. 9, bypical decay curves are showun. They qualitatively

display lthe influence of N, concentration in Lhe matrix. which is al
£
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crucial impertance for the energy Lransfer process. Whereas at small
concentration the deczy is more or less of the single exponential
type, it clearly becomes non-exponential at higher concentrations.
from this dynamical behaviour, details concerning the enerqy transfer

processes can be cbtained.

4.5 B/C mixing of care gas halides (XeCl)

In Clz doped rare gases R {gas phase), it is possible to produce rare
gas chlorides in collision processes of the type R*+C12 + RCi*sCl

or R+C15 = RC1*+C1 ("* denotes “"electronically excited"), If dyna-
mical aspects of the chlorides are investigated, it is favourable

to start with El; because the process of formation is very fast. Then,
however, selective primary excitation in the VUV spectral range is

needed, which is easily performed with SR excitation [}h].

ihe dynamics show up in beth the spectral and tempofal behavinur of
the bound-free fluorescence of the excimers. Thers exist two ad ja-
cent excited states, namely the B (Ffast radiative decay) and the C

{slow radiative decay) state, which are cellisionally mixed.

In particular, Lne decay rates of the B ~ X fluorescence were analysed
(361 a5 a Function of the partial pressures of the gases, in order

Lo obtain information about (i) rale constanis of collisional quenching,
(ii) ecoergy separation and ordering of the § and slates, and (iii) radi-
ative lifetimes. iIn Fig. M0, the decay rates of the XeCl B * X emission

at 08 nm are plolted as a function of Lhe Xe pressure. lhe Clz pressurce
was fixed ot .8 tore. Ihe apen circles were measured al a Lime, when DORIS

was operated with a bunch occupat ton number n=20 '7§| , which corcesponds
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to an interpulse period of anly 48 ns. Therefore, measuremenks at

low pressures were not possible. From the open circles, a pressure
dependence of the type K = a + bp + cp2 can be deduced. The crosses
stem from a study using laser excitation [36] ; except for the high
pressure point, there is good agreement with the open circles. Tfhen,
however, Inue et al. [37] published resulls in the low pressure regime

(open triangle) which seemed to definitely contradict the prior results.

In the meantime, single bunch operalion became available at HASYLAB,

and the low pressure regime was investigated abt Lhe new station SUPERLUMI

(full circles) [3&] . It turned out thal the decay rate indeed showed
a peculiar behaviour as is indicated by the full line [34}. The shape
of the curve is now understood in detail in terms of a B/C mixing

model, with both states being pratically degenerate.

The above result was discussed in some detail because it clearly demon-
strates that a large dynamical range in time resolution is indeed
required. It is not sufficient to be good in the ps, the ns or even the
us regime. Sometimes it is necessary Lo control the whole range, which
is feasible with the time structure of a big storage ring.

.

4.6 The lirst spectroscopic olbservation of HeH

For the investigation of photochiemical reactions, selective excitation

of the atoms or motecules involved is highly desirable. With one of

the simplest reaclions, namely HZ' + He * products, it was demonslrated
recently [38] that experiments of this tioe can be serformed wilh rota-

tional resolution using SR as an excitation source.
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As a result of the reaction of excited H2 molecules with He, the
simplest excimer molecule which can exist in nature (and, barring

HZ’ the simplest molecule of all) is obtained: HeH. For a long time,
because of the special interest of theorists in this molecule, quantum
mechanical calculations of Lhe potential energy curves were performed
[39] - These calculations predicled a strongly repulsive ground state
and deeply bound excited states. Even the application of HeH as a

laser molecule was discussed before the molecule was observed experi-

mentally [AD] .

The first spectroscopic observation of HeH was achieved at the SUPERLUMI
station [38] . Fig. 11 presents the fluorescence spectrum of the HeH B
(v'=0) state decaying to the cepulsive ground state. Without the gating
technique to improve the signal-tu-noise ratio, this measurement would
have hardly been feasible. The broad continuum centered at 240 om
(crosses) is in good agreement with a gquantum mechanical caleculation

of Dohmann et al. [41] . This assignment of the broad emission band

to the HeH B = X transition was strongly supported by measurements

of the lifetime (18 ns), which is in good agreement with theory (19 ns)
[41] . In the meantime, HeH has been observed by other groups too

laz,43] .



5 Final remarks

It was shown that time tesolved spectroscopic technigues in the Wy

are accessible now routinely using synchrotron radiation for exci-
tation purposes. This is not only kroe for alomic and molecular physics,
but also for solid state and bio-physins. Many of the expectations
expressed in the former articles [&»lj} are fulfilled. One of the
reasons for the progress achieved in the last years was the develop-
ment of efficient experimental skations. Another essential condition
was the development of fast channel plate detectors which can be com-
bined with several cathode materials. They are therefore sensitive

now From the visible to the YUV.

Another big step forward can already be imagined. AL serveral places,
new dedicated storage rings are under construction or planned. Some

of them will offer very sharp excitation pulses (FWHM ~ 10-20 ps) [44]‘
From the point of view of the source, then | ps lifetimes and mayv be

even the sub-ps range will be accessible.

At the same time, the new storage rings are low emittance machines,
which are designed for long insertion devices. The next general ion of
experimental stations for time resclved VUV spectroscopy should be
designed in connection with muitipole undulators as excilakion sources.
The photon flux st the exit slit of a primary monochromator may then
be an order of magnitude larger than the one of, e.q., bhe SUPFRLIMY
station. However, the sven more exciting aspeck is Lhe tremendous
increase of the brilliance of ihe new scurres, which can be userd ta
increase the spectral resclution of exeilationg in bLhe VUV, wmay be up

2 . . B 5 oo
Lo some 107 . The combination of bigh spectral and time resolution
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with Lhe limits mentioned above seems Lo be an achievable as well

as a worthwhile goal for the developments in the near future.

Acknowledgement.s

The authors are grateful to the staff of HASYLAB, especially to

Dr. P. Giirtler, for the continuous support of the time resolved
experimenkts. The decision of HASYLAB to run DORIS in the four bunch
mode during dedicated beamtime was extremely helpful. The enthusiastic
efforts of students and co-workers of the University of Hamburg
(Dipl.phys. R. Gaethke, Dr. B. Jordan, Dipl.piws. T. Kloiber,

De. £. Roick. Dipl.phys. J. Stapeifeld) and the fruitful cooperation
with colleagues from outside (Drs. M.C. Castex and J. LeCalvé, Paris;
Prof. M. Schwentner and Dipl.phys. H. Kihle, Berlin; Prof. D. Haaks
and Oipl.phys. 5. Kampf, Wuppertal) are gratefully acknowledged.

The work was supported by the BMFT of Lhe Federal Republic of

Germany ,



References

(1)

(2]

(3]

(4]

(5]

(7]

(8]
{9]
[10]

[
[12]
{13

[14)

Winick, H. and Doniach, S. (eds.), Synchrotron Radiation Research,
Plenum Press New York, 1980

Kunz, C. (ed.), Synchrotron Radiation, Springer-Verlag 8erlin
Heidelberg New York, 1979

Koch, E.E. (gd.), Handbook on Synchrotron Radiation, Vol. 1A.B,
North Holland Amsterdam, 1983

Lindquist, L., Lopez-Delgado, R., Martin, M.M. and Tramer, A.,
Proc. of the Internat. Symp. for Synchrotron Radiation Users,
Daresbury, Jan. 1973 (eds. G.Y. Marr and I.H. Munrs), Daresbury

Report DNPL/R26, p. 257 (1973)

Heaps, Wm.S., Hamilton, D.S. and Yen, W.M., Opt. Communic. 9,
304 (1973)
Lopez-Delgado, R., Tramer, A. and Munro, I.H., Chem. Phys. 5,

72 (1974)

Lopez-Delgada, R., Course on Synchrotron Radiation Research,
Alghero {Italy), 1976, (eds. A.N. Mancini and I.f. Querrnia),

Vol. I, p. 67. Internal. College nf Applied Physics, Catania
(Italy), 1976/77

Lopez-Delgado, R., Nucl. Instr. and Meth. 152, 247 (1978)
Monahan, K.M. and Rehn, V., Nucl. Instr. and Meth. 152, 255 (1978)
Hahn, U., Schwentner, N. and Zimmerer, (., Nucl. Instr. and Meth.
152, 261 (1978)

Rehn, V., Nucl. Tnstr. and Meth. 177, 193 (1980)

Munro, 1.H. and Sabersky, AP, in [ll , p. 323

Munro, L.H. and Schwertnrer. .. Nucl. Instr. and Math. 208,

819 (1983)

Rigler, R., this volume

[15]

[161

{17]

{18]
{19}

Benoist d'Azy, 0., Lopez-Delgado, R., and Tramecr, A.,
Chem. Phys. 2, 327 (1975}

Mdller, T. and Girtler, P., Jahresbericht 1985 des Hamburger
Synchrotronstrahlungslabor HASYLAB, p. 296, HASYLAB Hamburg,

1985/86

Gerdau, E., Riffer, R., Winkler, H., Tolksdorf, W. and Klages, C.P.,

Phys. Rev. Lett. 54, 835 (1985)

Duschinsky, F., 2. Phys. 81, 7 (1933)

Antonangeli, F., Bassani, F., Campolungo, f., Finazzi-Agrd, A.,
Grassano, U.M., Gratton, E&, Jameson, D.M., Piacentini, M.,
Rosato, N., Savoia, A., Web%r, G. and Zema, N., Istitute Nazionale
di Fisica Nucleare (Ilaly), Feport LNF-83/68R (1983);

Gratton, E., Jameson, D.M., Fosato, N. and Weber, G., Rev. Sci.
Insteum. 55, 486 (1984)

RResults of K.M. Monahan, I.H. Munro and V. Rehn, publ. in [ll]
Wilcke, H., Bohmer, W., Haensel, R. and Schwentner, N.,

Nucl. Inslr. and Meth. 208, 59 (1983)

Gurtler, P., Roick, E., Zimmerer, G., and Pouey, M.,
Nucl. Instr. and Meth. 208, 835 (1983)

Molier, ¥., Girtler, P., Roick, E. and Zimmerer, G.,

MIMPR A246, 461 (1986)

Results ol J. LeCalvé, M.C. Castex, T. Méller, J. Widrner and

G. Zimmerer, published in: Mller, T., Kloiber, T. and Zimmerer, G.

Jahresbericht 1985 des Hamburger Synchrotronstrahlungslabor

“HASYLAB, p. 293, WASYLAD Hamburg, 1985/86

tiaaks, D. and Kampf, S., Jshresberichl 1985 des Hamburger Syn-
chrotronstrabhlungstabor HASYLAB, p. 78, HASYLAB Hamburg, 1985/86
Schmoranzer, tio | Imschweiler, J. and Noll, T., Amnals of the

Israel Phys. Soo. 6, 371 (1983)



(27]

{28]

[29]

{30]

[31]

f32]

==
St
Nl

[—

[35

[36 ]

[37]
{38]

Castex, M.C., Spectral Line Shapes, vol. 4, Walter de Gruyter
Berlin / New Yock, 1987 (in press)

Tellinghuisen, 3., Phatodissociation and Photeionization

(ed. K.P. Lawley}, p. 299, John Wilev & Sons Ltd. New York, 1985
Dutuib, 0., Castex, M.C., LeCalvé, J. and Lavellée, M.,

J. Chem. Phys. 73, 3107 (1980)

Moller, T., Stapelfeldt, J., Beland, M. and Zimmerer, G.,

Chem. Phys. Lett. 117, 301 (1985)

Moller, T., Stapelfeldt, J., Beland, M. and Zimmerer, G.,
unpublished results

Kihle, H., Bahrdt, J.,fréhling, R., Schwentner, N. and

Wilcke, H., Phys. Rev. B31, 4854 (1995)

Kihle, H. and Schwentrer, N., Book of Abstracts of YUVB, tund 1986
{ed. P.0. Nilsson), ¥Wol. I, p. 228, Dept. of Theor. Phys., Lund
lUniversity, Lund (Sweden), 198&

veCalvé, J., Castex, M.C., Jordan, B., Zimmerer, G.. Mbller, T.
and Haaks, D., Photophysics and Photochemistry above 6 eV,

(ed. F. Lahmani), p. 639, Elsevier Srience Publishers B.V.
Amsterdam, 1985

Jordan, B., thesis, Universilty of Hamburg, 1983, and Interner
Bericht DESY F4l HASYLAB B3-09, September 1983

Grieneisen, H.P., Xue-Jing, H. and Kompa, K.L., Chem. Phys.
lekt. 82, 421 (1981)

Inue, 6., Ku, J.K. and Setser, D.W., J. Chem. Phys. 80, 6006 (1984}
Moller, T., Beland, M. and Zimmerer, G., Phys. Rev. lelt. 5%,
2145 (1985)

Michels, H.H. and Harvis, F.L., J. Chem. Phys. 39, 1464 (1963}
Zuev, V.S., Kanaev, A.V. and Mikheev, L .D., Sov. J. Quantum

Electron 14, 135 (1984)

{hl]

[4z]

[a3]

Dohmann, H.. van Hemert, M. and Peyerimhoff, S.D.,

to be published

Ketterle, W., Figger, H. and Walther, H., Phys. Rev. Lett. 55,
2943 (1985}

Yan aer Zande, W.J.. Koot, W., de Bruijn, D.P. and Kubach, Cc.,
to be published;

Peterson, I.R. and Bae, Y.K., to be published

A worldwide census of SR facilities has been published by

Mihlhaupt, G., NIMPR A246, 845 (1986)



82
Pial
1

Table I

Selected parameters which are relevant For time resolved spectroscopy

in the YUV. Only those storage rings are taken inko account, which

are in operation. io is the orbital period, 1 is the FWHM of the pulses,

n is the number of bunches and [ is the repetikion frequency.

Storage ring To(ns) 1{ns) n F(MHz)
SURFII (Washington,USA) 18 1 2 114
SIBERIA-1 {Moscow,USSR) 29 2 1 34,5
SOR-RING (Tokyo,Japan) 57.9  0.7-1.5 1/17 17.3/120.8
ACO (Orsay,France) 72 1.4 1 13.6

TERAS (lbaraki,Japan) 105 0.5 17 162

#MAX (Lund, Sweden) 108 0.05 1/54 9.26/500
VUV (Brookhaven,USA) 170 n.2 1/3 5.88/17.6
UVSOR (Okazaki,Japén) 177 0.3 1/16 5.65/90.4
BESSY (Berlin,W.-Germany) 208 0.07-0.15 1/60/104 4.8/288/500
VEPP-3 (Novosibirsk,USSR) 250 0.6 i 4

ALADDIN (Stoughton,USA) 296 1.2 15 50.7

DCI (Orsay,France) 315 i 3.17

SRS {Daresbury,UK) 320,5 0.05-0.2 1/2/160 3.12/6.24/500
ADONE (Frascati, Italy) 350 n.a 1/18 2.86/51.4
XRAY (Brookbaven,USA) 567 4.3 6 10.58

ALS (Berkeley,USA) 600 0.023 250 al7

ﬁhotnn Factory(Tsukuba, 670 9.16 512 500

Japan)

SPEAR (Stanford,USA) 781 0.1 -0.15 4/16 5.12/20.5
DORIS (Hamburg,W.-Germany) 960 0.13 1/4 lAUQ/A.lé
VEPP-4 (Novosibirsk,USs? 1220 0.7

CHESS (lthaca,USA) 25€8 0.13 3/7 1.17/2.73

PLP (Stanford,U5A) 7400 £.05% 3 .4a0%
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Figure captions

fig- 1
Fig. 2
Fig. 3
Fig. &

A schemasbic presentalion of the time structure of syn-
chrobron radiation [upper part) and a block diagram of
the electronics for real time analysis with single photon

counting. {(For details see text).

Temporal analysis of a spectrally resolved VUV DORIS
pulse, performed with an open channel plate detecior
{"stray light spectrum")}. The intensity is plotted in

a linear and in a logarilbmic scale [16]

Bound-bound flucrescence af the Elz molecule, which

was excited selectavely into the 1 lﬁ: state with

hv = 9.16 eV at 2 gas pressure p = 0.4 torr. The upper
curve was measured with monochromator i, Lhe lower curve
with monochromator II of the SUPERLUMI station. The reso-

lution intervals &k are indicated for each curve [24]

Schematic drawing of the chopper disk of SUPERLUMI
(upper part) and a decay curve of the ArZ“ fluorescence
at 126.6 nm (Ar pressure = 300 torr, excitation wave-
length = 106 nm). The counling rate is giveﬁ in a loga-
rithmic scale. The dotted line represents the excitation
function. (Reproduced from ks and Kampf {25} ; by per-

mission of the authors).

Tig. 7

Fig. O

P

™

w
i

A typical experimental decay curve (dots) of H,
£

B, v'=0, 1'=1 state at 3.6 mbar, with a least-
squares it (1) of an exponential convoiuted with the
experimental response function (2). As a result,

T = (535 16) ps was obtained. (Reproduced from

Schmoranzer et al. fZé] ; by permission of the authors).

Potential ensrgy curves of an excimer molecule {realistic

* + + : - : .
for Arz }. The 0 =+ U; excitation and the emission process

g9
at the "left turning point" are indicated by arrows,

together with a calculated fluorescence spectrum with
its oscillatory long wavelength onset [30] - The insert
visualizes the superposition of the fluorescence of dif-

ferent vibrational levels coupled by vibrational relaxation.

Oscillalory long wavelength onset of O: he Ug time re-

solved fluorescence spectra of Ar.,, Krz and Xez. The
&~

excitation wavelengths are given in the figure. The
nas pressures are 200 torr (Ar) and 100 torr (Kr, Xe).

The time windows are 5 ns (Ar), 8 ns (Kr) and 4 ns (Xe) [ 30 ].

i
i

b
|

\ .
Time resolved fluoregcence of Xez at 700 torr. The exci-
|
tation wavelength is&lSD nm. The time window is 500 ps
|
(delay &t = 0) and L)ns (the other curves). The curve in

the backqground is timé inteqrated [31] -



Fig. 9
Fig. 10
Fig. 11

o~
el

Stationary stafe population of Lhe vibrational levels

of N2 A 52; in doped solid Xe (a), and decay curves of

the A 52: v'z3 level for different N2 - concenkrations (b).

For more details see text. (Reproduced from Kiihle and

Schwentner [}3] ; by permission of the authors).

Decay rate of the B ~ X emission of XeCl at 308 nm,
observed in Xe/Clz mixtures, plotted as a funchion of

the Xe pressure. for more details see text.

Fluorescence of Hebi B Zﬂ, v'=0 into the repulsive ground
state in He/H2 mixtures. The excitation wavelength used
was 96.5 nm (excitation of HZ C 1HU, v'=2) {36] . The
full curve is the result of a quantum mechanical cal-
culation of Dohmann et al. {41] . (by permission of

the authers).
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