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A number of important preliminary measurements have been carried out
by groups in Orsay, Stanford and Hamburg and the scientific benefits of
time domain measurements using synchrotron radiation have been discussed
in several recent review articles[1-7]. These works have revealed that
time resolved excitation and emission measurements can be carried out
routinely with a resolution of at least 1 ns or better. For example,
measurements have been made on the fluorescence decay of individual vib-
ronic levels of small molecules, on emission from low quantum yield
gases (~ donrv at low pressure (~ 1 torr) and on quenching mechanisms in
rigid solutions. Pure rare gas solids and also mixtures have been studied
extensively in an attempt to understand the kinetic processes associated
with exiton formation. Also for the first time, quantum coherence
effects have been seen in rare gases. Orlientated atomic states can be
produced by photoselection using polarised light for excitation and
periodic fluorecence modulation can be seen in the presence of an
external applied mwmwa. The treated data ylelds lifetimes, spins,
multipolarities and "g" factors - even when the substates are unresolved
in energy. More recently, photoselection of an individual residue within
a protein with pulsed, polarised light has led to an understanding of the
microenvironment within the large molecule and has enabled initial
estimates to be made of the flexibility of such large structures as well
as of their overall size and shape. The best time resolution obtained
so far using conventional pulse techniques is about * 50 ps and has been

limited by the time response of the photodetectors used. The narrow

pulse width and the associated broad frequency spectrum (extending beyond
1 GHz) from storage ring sources has led to the study of phase shift and
modulation techniques at a number of different frequencies. Preliminary
results have revealed that in the frequency domain, Emmmcﬂmamsnm.OOHNOMI
ponding to times of the order of a few ps can be measured. It is highly
probable that, in the future, time domain measurements will be improved
to give a resolution of about 1 ps and will be extended to include
excitation over an mxwm:mwcm range of wavelengths in the VUV and X-ray

regions.

Synchrotron Radiation as a Source for Spectroscopy

The general properties of a storage ring as a source for spectroscopy
are well illustrated by reference to the Synchrotron Radiation Source (SRS)
completed in June 1980 and now operational at the Science and Engineering
Research Council, Daresbury Laboratory, in the UK[8). The SRS is a 2
GeV electron storage ring designed to maintain a useable circulating
current of electrons of up to 1 A for periods of at least eight hours.

The initial maximum current will be restricted to 0.37 A until sufficient
additional radio frequency power has been installed to permit operation

at its design current of 1 A.

The electrons are confined within the storage ring by circular array
of sixteen electromagnets shown in fig.1. The magnetic field associated
with each of these dipole bending magnets defines the electron momentum,
P, (and therefore the particle energy) according to the relationship
P = BeR, where B, e, R are the magnetic field strength, electron charge
and the electron orbit radius respectively. The acceleration experienced
by each electron is directed radially inwards and results in the produc-
tion of electromagnetic radiation (synchrotron radiation). To a station-
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any storage ring are primarily defined then by the balence between parti-
cle excitation resulting from the emission of quanta of synchrotron radi-
ation and the longitudinal focusing and damping associated with the magne-

tic lattice and radio frequency drive.

Obviously, the time modulation impressed on the spectral characteris-
tics of synchrotron radiation is established by the modulation of the elec-
tron beam current passing through the observed synchrotron radiation source
points around the orbit. Furthermore, all of the time characteristics of
the source - the pulse shape, frequency and jitter - will be absolutely
identical for all emitted wavelengths. This source characteristic is of
extreme importance when the time response of the detector and its associa-

ted electrons have to be unfolded from the measured data.

Since electrons will be accelerated only when in phase with the ac-
celerating radio frequency field, it is clear that a storage ring will, in
general, contain a train of electron bunches separated by the period of
the r.f. field. Each storage ring operates at a fixed frequency (since
the electron speed is approximately constant) and therefore the ring can
contain an integral number of bunches from one to a maximum number (the
"harmonic number”, N), defined by the ratio of the circulation period «
around the ring to the period of the accelerating r.f. field. The ring
period is given by the ratio of ring circumference to the speed of light
and for the very largest (and therefore most expensive) accelerators, has
a value of about one microsecond. The maximum radio frequency used for
acceleration is restricted to 500 MHz by the commercial availability of
high power, high frequency klystrons which are extremely costly, and by

technical problems associated with transmission of the r.f. power

through a window into the acceleration cavity in the storage ring which

must be maintained at a very low pressure ( < 1072 torr). An indication
of the wide variety of existing storage ring source parameters is shown
in Table I where the lowest harmonic numbers result from using a low
radio frequency for electron acceleration in a ring of small size. The
information is tabulated in order of increasing E, which is defined to be
the photon energy value corresponding to the peak of the spectral inten-
sity curve. To obtain useful amounts of hard x-radiation, that is,
radiation which can pass through a Be window into air, the stored beam
energy must typically be 2 GeV or more. Of course, power radiated at the
shortest wavelength can be enhanced using a wavelength shifter or wiggler

(see fig.2).

N, the harmonic number or the maximum number of bunches within a stor-
age ring may vary greatly from ring to ring (see Table I). However, the
majority of storage rings have been designed so that they can function per-
fectly reliably with a single bunch only in the storage ring. = This type of
operation (often called the "single bunch mode") is achieved usually at
the expense of a reduction in the number of stored electrons.

Whereas in "multi-bunch" modes or the "filled" mode of operation most of
the storage rings listed in Table I will maintain a circulating current

of from 100 mA to t A, in the "single bunch" mode the circulating current
is unlikely to exceed ~ 50 mA. The actual length of the electron bunch in
a storage ring is related to the frequency and amplitude of the accelerat-
ting field. Bunch lengths have been measured directly for a relatively
small number of storage rings but the calculated natural bunch lengths

(in the absence of other bunch lengthening effects) lie between 50 to 100
cm for ADONE and TANTALUS to around 5 cm for the majority of the 500 mHz

rings. The lengths correspond to excitation light pulse widths (between
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half maximum points) of from ~ 2 ns to 3 200 ps.

Synchrotron Radiation Source Geometry

The ideal pulsed source for time resolved experiments would be a train
of extremely narrow pulses separated by long but adjustable time periods.
Such is the case for a large storage ring where the pulse width may be
~ 100 ps with an inter-pulse period of ~ 1 us. 1In a storage ring, the op-
tical source is the radial cross section of the electron beam at that tan-
gential orbit point which lies on the optic axis of the experiment. 1In
order to increase the amount of light falling on any experiment, the hori-~
zontal angular spread of radiation collected from the ring obviously is to
be increased. Since the source (circulating electrons) actually moves,
this then will add time spread to the synchrotron radiation pulse width.
Figure 4 illustrates how the additional time dispersion arises. For any
apparent axial tangent point T, a radiation collection aperture of 2 6
will permit radiation from all points on the arc ATB to be collected in

any chosen observation plane.

The path length of the electrons and photons to the point of obser-

vation is given by

x(0) = MMWIM + R (9 - tan 9) .

The pulse broadening, At, is given by

ae(e) = L [xte) - 1] .
c
In a large storage ring where R may be 10m or more, At is approximately
1 ps for 8 ~ 10 mradians and the time dispersion effect can be neglected.
Nevertheless the length and curvature of the source may still cause imag-

ing problems, particularly if any focusing collection mirrors are used

near grazing incidence. 1In principle the problem could be eliminated for
any angle if the image plane (or detector) is shaped and curved to follow
an isochronous surface. For a flat image plane and a large storage ring

(R ~ 10 m), the time dispersion associated with geometry will only become
important for very large collection angles of the order of 100 millira-

dians when At > 20 ps.

Time Resolved Experiments using Synchrotron Radiation

It is valuable to identify the different kinds of physico-chemical
information associated with measurements made in different time ranges and
alongside these ranges, to identify the limitations in timing techniques

available at present.

Table II reveals that the goal of the synchrotron radiation spec-
troscopist must be to include, along with all the other spectroscopic
properties of the source, the ability to carry out experiments within the
picosecond and ultimately the sub-picosecond time domain. It is important
to note that molecular motions in the picosecond region which can be
measured in the time domain also may be accessible to the synchrotron
radiation spectroscopist by the direct observation of molecular rota-

tional or vibrational absorption effects in the submillimetre region.

It is clear from Table I that, for the majority of storage ring
sources, experiments will be confined to time studies significantly shor-
ter than 1 us as a consequence of the :wwmﬁ‘wwaw« in size of a storage
ring, which corresponds roughly to a maximum inter-pulse excitation period
of one or two microseconds. The minimum inter-pulse period with a filled
ring such as the SRS at Daresbury Laboratory is approximately 2 ns (cor-

responding to 500 MHz) and therefore one aim of this article is to identi-
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over periods of many hours. The peak amplitude of the pulse will dim-
inish as the stored current in the ring gradually reduces due to residual
gas scattering with a beam half life in the SRS of around eight hours.

and which is monitored continuosly by the storage ring operators.

An illustration of the good statistical quality of data which can be
obtained using commercially available modular electronics for photon count-
ing studies is given in fig.5a,b,c. The measurement of the time depend-
ence of the fluorescence anisotropy of individual amino acids residues in
a biopolymer may be of considerable importance in relating the structure
and the function of large molecules such as proteins[15]. 1Ideally, these
experiments should be carried out in mozmunwosw similar to those in the
physiological environment and this usually implies a low protein concen-
tration of micromolar or less in aqueous solution. Anisotropy measure-
Em:nm.tun: small statistical errors are particularly difficult to make be-
cause the anisotropy decay curve A(t) is defined to be the difference at
any time between the intensities of two fluorescence emission components
with orthogonal polarisation. A further problem arises because of the ex-
treme sensitivity of the measurement to the presence of incident (excita-
tion) light scattered directly into the detector without alteration in the
direction of polarisation. The experiment demands an intense light pulse
with minimum possible duration. The excitation pulse must be linearly
polarised, tuneable in wavelength and with a variable and narrow wave-
length spread. Since the number of fluorescent residues and their quantum
yield may be small, a high repetition rate is required from the source in
order to complete data taking before any photosensitive or other changes
can take place in the sample. These requirements are extremely well

matched to synchrotron radiation from storge ring sources. 1In fig.5, the

12

results show 'a SPEAR excitation pulse (f.w.h.m. ~ 120 ps) observed with )
an RCA 8850 photomultiplier giving an overall excitation function of about
650 ps f.w.h.m. shown in fig.5a. Raw anisotropy decay curves are shown
for tryptophan in n-acetlytryptophanamide and these display a rotational
correlation time reducing from 16 ns at 1400 cP to about 50 ps at 4 cP in
a series of glycerol/water mixtures. The measured data in fig.5c is

shown alongside theoretical curves for a range of correlation times
(fig.5b) folded with the excitation function used shown in fig.5a. At

the very shortest correlation times, the information is extracted prim-
arily from the amplitude of the decay rather than its slope - hence the
need for a significantly reduced excitation function. When a good least
squares fitting procedure is applied, then a time resolution of at least

* 50 ps should be achievable for a maximum of three components both in

the fluorescence and the anisotropy decay times.

Prospects for Bunch Length Reduction

In the majority of time resolved studies using synchrotron radiation
sources, the excitation function has been determined UHw%mHmw% by the
response time of the detector. In the immediate future, the use of
single or double microchannel plate detectors, or of special design, low
gain, crossed field photomultipliers will offer an improvement in time re-
solution by about a factor of three[16,17]. On the other hand, the use
of a streak camera or of m:mmm sensitive detection at high frequency nec-
essitates that the electron bunch length itself (and therefore the excita-
tion pulse deviation) must be of a similar order and as close as possible

to the time range of interest, that is to say about 10 ps (see Table II).

With the intention of reducing the electron bunch length in a storage

ring below about 3 cm (corresponding to 100 ps) at least one study has been

13
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tures of a particular bunch taken at different times would reveal a sim~
ilar overall profile with dissimilar amplitude and frequency modulation
across the bunch. At low circulating current values below the "turbulence"
threshold, individual bunches were found to have very similar amplitude
and frequency modulation across the bunch profile at different times.

The minimum f.w.h.m. value obtained was 55 ps at 3.3 MV, 1.5 GeV and 2.15
mA. The origin of the high frequency modulation of the envelope (of
about 50 GHz) has not yet been explained (see fig.6) and was not related
to any oscillation modes of the bunch, which were simultaneously measured
using an antenna in the vacuum chamber and a Tektronix power spectrum
analyser. Preliminary streak camera observations of bunch shape in DORIS
(Hamburg) have not observed such modulation within their bunch[21].

There is therefore reason to suppose that the BESSY (Berlin) ring may be
able to maintain a bunch length AQNV of about 1 mm corresponding to a
minimum excitation pulse fwhm of 5 10 ps. However, this will be possible
only if collective effects within the bunch are negligible as the stored
current tends to zero. These conditions should apply for stored currents

of roughly 1 maA[19,20].

Measurements in the Frequency Domain

A storage ring can produce a series of extremely narrow light pulses
separated by a repetition period whose maximum value can be selected to be
the ring period eo~ and whose minimum value will be defined by the period

of the r.f. accelerating field, T Figure 7 illustrates the situation

r.t.
(i) for a storage ring in the "single bunch® mode, (ii) for a storage ring
ring “filled"” and (iii) to represent the decay of fluorescence intensity

from a sample normalised to the excitation pulse in (ii). when "real time"

or coincidence measurements, are carried out, the functions I(t) and R(t)

16

are measured independently and then used to compute a true fluorescence
decay or an anisotropy decay function F(t). The measured functions I(t)
and R(t) are related to the true fluorescence decay function (F(t)) which

is to be determined by the convolution integral,

R(t) = .-c I(t) F(t - t') at' .

A variety of procedures can be used to unfold the excitation function

from the measure data and are discussed elsewhere in this volume. A rule-
of-thumb would indicate that for statistically good quality data, decay
times can be accurately extracted down to values of about one tenth of the
f.w.hem. time spread of I(t). Figure 8 schematically shows the Fourier
transform of the pulses in fig.7(i). The transform consists of a set of
harmonics (of width 6n) related to the r.f. used for the acceleration and
to the bunch dynamics within the storage ring. The fundamental {(minimum)
frequency is determined by n = enml_ (or qfl— if the storage ring is used
in the single bunch mode). The amplitude envelope for the harmonics in the
frequency spectrum is defined by the shape and width of the function I(t).
If the pulse shape is Gaussian then the harmonic envelope will be Gaussian
also. The spectral purity of the harmonics in the transform is establish-
ed by the stability of the electron bunch and the stability of the storage
ring r.f. system. Any instabilities will appear as sidebands about the
harmonics. For large instabilities and high harmonic number, the side-
bands may be even larger than the actual line. When a fluorescence decay
function R(t) is measured, its Fourier transform will reveal the same set
of harmonics n, of width 6n but whose amplitude profile has been modified

to correspond to the extended pulse shape of R{t) compared with the exci-

tation pulse I(t). The excitation transform and fluorescence transforms
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index changes, interference or multiple reflection phenomena. The syn-
chrotron Hmahrﬁpoz pulse which passed through the slab was detected by a
photomultiplier tube, amplified and then filtered by a SAW (surface acous-—
tic wave) filter. 1In this case the 35t harmonic (44.817 MHz) of the
SPEAR orbit frequency was further amplified and fed to the signal input

of a phase sensitive lock-in amplifier (see fig.10). The high frequency
reference signal is obtained from the storage ring power source via a
similar SAW filter. The signal phase (0) was measured to be the ratio of
the "in phase™ (I) and quadratic (Q) outputs from the "lock-in"

amplifier, where tan 6 = Q/I. In bench tests without a storage ring,
phase measurements of this kind can be made easily to correspond to sub-
picosecond transit times. Consequently, since the standard deviation of
the data was approximately * 2 ps, it is possible that phase fluctuations -

from the storage ring source introduced this time resolution limit - at

least in the case of SPEAR.

It should be noted that for any harmonic frequency ny. the propaga-
tion delay through a sample may be measured as a phase shift A8 given by

40 = n, At. Further, following reflection of incoherent monochromatic

\

light by an optical surface the time pulse envelope must remain unchanged.

Therefore every harmonic frequency n, will be shifted in phase by the

i
amount of the optical phase shift A8 and thus extremely mmsmwnw<m phase
shift ellipsometry is possible using the higher modulation frequencies
from a storage ring. Phase m:%mﬂ studies have been undertaken so far
only at SPEAR (Stanford) and ACO (Orsay) but it is clear that a wide
range of heterodyning techniques using frequency mixing, or sample or

detector motion, can be exploited to give accurate results in the pico-

second region at frequencies up to perhaps 1 GHz.

20

Conclusions

Storage ring sources clearly promise the ultimate possibility of
conducting time dependent spectroscopic studies at all wavelengths with a
time resolution of about 1 ps. 1In the pursuit of that goal it is obvious-
ly necessary to continue to develop high gain detectors with a frequency
response extending well into the GHz range[25]. The possibility of incor-
porating spatial resolution and good time resolution in devices such as
microchannel plate arrays will also become important in the detection of
electrons and photons. 1In addition, the storage ring source must be used
with high throughput monochromators which give good wavelength resolution,
very low scattered light levels, which are optically matched to the source
and retain the polarisation properties of synchrotron radiation. The
accumulated data should preferably be processed on-line using a technique
such as iterative reconvolution with residuals. It is important when
using a storage ring source ~ particularly if it is operating selectively
for timing experiments in the single bunch mode - to identify the quality
of the data as rapidly as possible because of the competition between

different users for experimental time on the machine.

It is important also to recognise the many similarities between syn-
chrotron radiation and laser sources - the most obvious differences being
the continuous spectral range of synchrotron rdiation into the X-ray re-
gion and the coherence and the exceedingly high peak radiation powers from
lasers. Table III (from{6)) represents a broad comparison between a var-
iety of parameters associated with conventional sources, lasers and syn-

chrotron radiation.

The pulsed properties of synchrotron radiation are being applied ex-

tensively to develop other important techniques including electron energy

21
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analysis and ion mass/energy analysis using time of flight techniques
studies of coherence lengths and times using correlation techniques
and the separation of nuclear and electron scattering in M3ssbauer experi-

ments using fast gating methods[10]).

Future opportunities are tentatively presented in the diagram given
in mho.m_~ﬁwm_. Synchrotron radiation sources are, at present, the key
to the extension of subnanosecond timing studies into the vacuum ultra-
violet and x-ray regions. The principal fast photon detector device
which can match the temporal properties of a picosecond source is a streak
cameral[25,26]. ,Hrwm device or a modification of it, can be used any wave-
length from the visible to the x-ray region. Where sufficient signal
intensity is available it will be used in a "single shot" mode. When
few photons only are available, the streak camera can be operated syn-
chronously[26,27]. With the development of a suitable photodiode array
in combination with image intensification, a streak camera could be
driven synchronously with a storage ring to measure accumulated decay
profiles on the basis of only a few emitted photons per excitation event.
Experiments of this type will no doubt be conducted in the near future as
the first generation of purpose-built, dedicated storage ring sources

come into operation.

In the slightly longer term, the use of extensive arrays of bending
magnets may yield a further enhancement in radiated intensity of from M
to M where M is the number of bending magnets in the device. Since M
could be as large as 102 ( perhaps _owmv the increase will be from 102
times for wiggler magnet arrays to up to 10* times for an undulator
device[29,30]. Should it prove possible to develop free electron laser

technology beyond the present rudimentary state-of-the-art, then within

23

perhaps five years one could anticipate high power pulsed and continu-
ously tuneable free electron laser sources yielding coherent radiation
with narrow line width into the VUV and possibly even the soft x-ray

region{31).

References
1. R. lopez-Delgado, A. Tramer, I.H. Munro, Chem. Phys. 5, (1974) 72-83.

2. R. Lopez-Delgado, Intern. Coll. of Appl. Phys. 1, (1976) 63-124.

Nato Advanced Study Institute, Alghero, Italy, Eds. A.N. Mancini and
S.F. Quercia.

3. R. Lopez-Delgado, Nucl. Instrum. Meths. 152, (1978) 247-253.
4. X.M.Monahan, V. Rehn, Nucl. Instrum. Meths. 152, (1978) 255-259.

5. U. Hahn, N. Schwentner, G. Zimmerer, Nucl. Instrum. Meths. 152,
(1978) 261-264.

6. I.H. Munro and A.P. Sabersky, Chapter 9 in "Synchrotron Radiation
Research”, Eds. H. Winick and S. Doniach. {(Plenum Press, New York,
1980) .

7. V. Rehn, Nucl. Instrum. Meths. 177 (1980) 193-206.

8, K.R. Lea and I.H. Munro, The Synchrotron Radiation Source at
Daresbury laboratory, Daresbury Laboratory Report DL/SCI/P 2?7
(1980).

9. "Topics in Current Physics ~ Synchrotron Radiation; Techniques and
Applications®, Ed. C. Kunz, (Springer-Verlag, Berlin, 1979).

10. Chapters 1-3 in "Synchrotron Radiation Research”, Eds. H. Winick
and S. Doniach (Plenum Press, New York & London, 1980).

t1. S.S. Hasnain, T.D.S. Hamilton, I.H. Munro and E. Pantos, Daresbury
Laboratory Report, DL/SRF/P007, (1977). .

12, J.C. Haselgrove, A.R. Faruqgi, H.E. Huxley and U.W. Arndt, J. Phys. E:
Sci. Instrum. 10, (1977) 1035-1040.

13. R. Lopez-Delgado, J.A. Miche, B. Sipp and H. Zyngier, Nucl. Instrum.
Meths. 133, (1976) 231-236.

14. M. Sands, "The physics of electron storage rings", Stanford Linear
Accelerator Center Report, SLAC-121, (1970).

15. I.H. Munro, I. Pecht and L. Stryer, Proc. Natl. Acad. Sci. USA, 76,
(1979) 56-60.

24



9z

*i{g1] woxz ‘A{e@ar3zoedssa do p-| pue

{1 ‘VOE ‘Spyl JO SOTITSOOSTA JUSATOS poinseaw ay3 o3 puodsaxiod
sugp*> ‘sugg-g ‘sug*gl JO (Sswrj uojlelairod) sadols painsesu
8yl *seanjxju Iajem/ToxasL16 uy epFweueydojzdiijziliesoe

-u gL I03 soaInd Aeoop Adoxjosjue paINsSesSK csuS JO Bwrl
Keoop pue z+g Jo Adoxjostue TETITUF UR IOF Su@}j O3 SBUL°*(Q WOIJ
sawy3 uofje(aIxod Jo abuel e Bulsn pajelndTed ‘()5 UF uoflouny
uofje3Tox oy buysn ‘saryjoad Leosp Adoajosyue pojeTnuis

(TT) °poyzam ,uojoyd arburts, ayz buysn IaTTdy3Tnwozoyd

0588 Vod ue Xq uess ¥yEds woxy osTnd YBTT uoTjzelToxa Iyl (¥)

sbutx abeirols e uy

pomata sestad JybIT FO uoFjeINp BY3 Y3TM pejeroosse Lijsuoceb ayj,

*({glwoa3z) @suerd 37qIO0 BY}

moTaq pue ssoqe senyesa A3FSUSlUT JFTRY SY3 USAMIaq weaq Y3 JO
Y3apIM [INJ 2Yy3z 8q O3 paufiap ST oousbasarp xernbue syl  *pPIOTI
I z*lL 3¢ pue jaubew Hurpusaq J g°| TewrIou ® IOJ S3S @Yyl woxj

uoTjeTpRl JOo 20usbiaarp IeTnbue 8yl jJo uorjefIea UYjbusTaaem BYI

*([g}wox3) puooes 1ed suojzoyd g10l X S L1e3eurxoadde

sT yead ayy e L3Jsuajur 9y cweaq paIolsS A9D 7 ¥ | e I0J u2alb
sT wni3oads ayry °(L g°p) ISTBBbIM 8yl woajy pue (i g°|) sisubew

purpuaq Tewrou woly S¥Ss 9yaz &q peonpoad umijoeds snonutjucd BYL

*([g]wox3z) saejewered jeuorjerado s3T Fo Lriewmms e pue Liojeroqer]

Lingseieq e (SHUS) 90INOS UOFIRIPRA UOIFOIYDUAS ay3 jo ueld y

suor3de) oanbTg

s

°0861 ‘binoqseals ‘uofjepunol SIUBTIS
ueadoang ‘,jusudoressp 1Toy3z 103 sTesodoad pue saese] uoalzodele
8913 jJo PIeI3 °UR uy jIe ayjz jo aje3s ayj uo jxodey, ‘@T00d "MW

*uteIayl
§@dudIBISx puUR 0LZ-L2Z (0861) ‘LLL °*SYIBW UMIISUI*ONN AT FIed

, ‘i86l
‘Hbanoqserls ‘uorjepuncg aouatos ueadoang ‘, bulx obexols ana uesdoang
8y I0J ©seo OJFTIuUaTOS 9y, ‘OTTeS °*A pPue OIunK °*H°I ‘IIBW °*A°D

cuoT3EOTUNWWO) D3PATIAJ ‘HVYIASYH ‘I8Isumutz °5

essaad U cwNIISUT °*IOS ‘Al ‘ITnNeqAYI °L
pue OMUSUONPISS °N°L ‘aSToyos cei*W ‘ddYs g ‘OUSTH VoL ‘UuTLd °f

*L1-€L (0861) ‘1€ °s&yg +1ddy ‘338qqFS °M pue swepy °*D°W ‘IoThel <u°C
v 614 -
*0LE~LEE (6L61) *V *ad °sdyg -uuy ‘ddys-d pue SUSTH-V*L ‘TOSTaH *d

*0861 ®dunp gz-gz ‘uolsod
‘SOTUOI]O9Td WNRUEBNS *JuaD °*JUl ‘OIuny °*H*] pue uUeYeuoW °*H-X ‘uysy ‘A

_ *(8L6l) ‘urTasg ‘belasa-aejutads
‘y ca9s -sdyg -weyp ‘oxfdeyg °1°s pue ueddr -ded ‘dqueys -A-D
°*spd ‘,euswousyd puodasoITd, UT ‘88-G8 ‘OIUNK°-H°*I pue Aysaaqes °J-vy¥

*(6L6L £Tnr) ‘yo/6L-TUSS
g°bra 330dey Lxojeroqe uojjefped uoajoayosuds projuels ‘exuos) *1+d
cuoTjedTUNUMOD 23eAaTad ‘QYIASYH ‘I2Ujuamyds °N

(6L61 ‘dung)
‘6L61/EL-al ‘3xoday Teofuyoay Assag ‘Idneyinn 9 pue plajurd °d

* (0861 ‘Aen) ‘0861/9Z-41 ‘3rodey TeosTuyoel ASSFH ‘PIOIUTA *d
*paysTIgnd aq o3 pue ‘(6L61) BufiesH

,819sn L103ex0qe] uotjefpey uoajoxyouds piojuels ‘paeddesys -
pue pTeucq W ‘uosjeM °yed ‘Sseyd 41 ‘oauny °*H°Y ‘UBURUOH WM

z°bta

. *(LL61°320) ‘9S¥9-191T

L*bT3 ‘qaodey Kaojeaoqey AoaToyisg SoURIMET ‘O *D*D pue IeAoySoT °d
*€05-66F (6L61) ‘L91 *BYISKH

cumIjsuy +7omn ‘3dneyyiny o pue PTOJUTE °Q ‘UYEH ‘N ‘ISUIULMYDS °N

‘LE

Y4

*8¢

*LT

14

‘ye

X4

44

x4

‘02

‘6l

°Ll



Fig.6

Fig.7

Fig.8

Fig.9

Fig.10
Measurements of the intensity profile radiated by a single

positron bunch in the Stanford storage ring, SPEAR. The vis-
ible region bunch shape was observed using an Imacon 600 streak

camera triggered when a single positron bunch passed through

the source point([18].

Fig.11
Intensity pulse profiles (which are identical for all wave-
lengths) radiated by a storage ring (from{22]). (i) The signals
from a storage ring in the "single bunch" mode have a repetition
period determined by the orbit time Aaov of the ring. (ii) Sig-
nals from a "filled" ring have a repetition period Aenmv deter-
mined by the radio frequency used for acceleration. (iii) Fluor-

escence signals which derive from pulses in 7(ii) are delayed

slightly and of different shape to the excitation pulses.

A schematic illustration of the Fourier transform of the
pulses shown in fig.7(ii). The envelope of the excitation
pulse transform MHAav is outlined with a continuous line; the

envelope of the measured fluorescence decay function transform

mxa=v is shown with a dashed line.

i) The output pulse from the anode of an RCA 8850 photomulti-
plier tube viewing pulses of radiation from SPEAR (Stanford).

ii) The frequency dependence of the output power from the same
photomultiplier tube operating under the same conditions
used in (1).

The spectrum was measured with the storage

ring in the "single bunch" mode.

27

Phase shift apparatus for measuring time delay at high harmonic
frequencies of the storage ring. Phase comparisons are made be-
tween a high frequency reference from the storage ring and an

optically derived signal obtained with, and without the sample

in transmission.

This diagram revels the very limited area in the electromagnetic
spectrum (shown lined) which has been used for short time stud-
ies. Laser sources have produced data at a few specific wave-
lengths. 1In principle, the hope is that the use of synchrotron

radiation sources will permit this diagram to be completely fil~

led, at least down to times ~ 1 ps.

28
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