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Convers1on of a Var1an E 3 ESR spectrometer to 1 MHz magnet1c f1eld o
.modu1at1on 1s descr1bed The norma] 100 kHz mode of operat1on of the o
1nstrument 1s not affected by the mod1f1cat10ns ' The system has an overal] :
response t1me of approx1mate1y 2 usec and has comparable sens1t1v1ty to E

the 100 kHz rece1ver under s1m11ar cond1t1ons



INTRODUCTION

Photophysica1 and photochemica] processes inyo]ving free radical or triplet
‘species are often‘studied conveniently by ESR methods. The kinetic'constants
of the rise and deCay offer unique insights into the mechanisms of production
_and annihi]ation The shortest time constant which can be determined with
convent1ona1 ESR spectrometers employing 100 kHz magnet1c f1e1d modulation 1s
u1t1mate1y 11m1ted to about 10 20 usec Faster response t1mes demand elther
w1deband v1deo or superhetrodyne detect1on or a h1gher modu]at1on frequency
The former approachesrhave been employed effect1ve1y1_but.are more demanding
of instrumenta1 stabtlity'than are the modulation schemes_where,.jn principle,
only the samp1efmaonetic Susceptibility couples the magnettc-field modulation
'ihto the m1crowaves Fast modulation spectrometers have been described by Atkins -

2 3

gt_ 1 " and Smal]er et al.’ We were COnfronted by the problem of photoexcited

ESR 51gnals in photosynthet1c samp]es wh1ch have’ been shown to exh1b1t k1net1c
'constants faster than could be" determ1ned in a standard Var1an E -3 X-band ESR
spectrometer Wthh uses 100 kHz field modu]atwn.4 Thepconswderat1ons noted
brief]y'abovel]ed us to convert this instrument to 1 MHz fte]d.modulation,
which would shortenhthe response time by an order of magnitudevi.Wé'report
here the deta1ls of the convers1on demonstrate the ma1ntenance of sens1t1v1ty
for comparab]e values of field modu]atlon and overa]] bandw1dth and further
demonstrate the extended‘k1net1c range achieved by the conyers1on,

‘One of our main objectives was to'interfere as littlefas‘possible with
the'conventtonal mode of operation of this heavi]nySed instrument; thus we
e]ected to construct an independent modulation andvdetection system which
could substltute eas1]y for the standard components We further e}ected to
leave the mlcrowave ~components and features una]tered |

Such avconVer51on_1nvolves, m1n1ma1]y,’generat1on and.application of the -

‘field modulation, amplification of the detected modulation signal, coherent



(ST

detect1on f11ter1ng to the extent des1red and flnal]y v1deo amp11f1catlon

to a level suff1c1ent to drlve some output dev1ce such as a signal averag1ng

computer. Our scheme cons1sts of the add1t1ons and mod1f1cat1ons shown 1n

Figure 1.

DESCRIPTION -

The Varian E-4531 cavity carries &-pair of modulation coils; one on either.

“side, connected in series aiding which are ‘tuned to‘reSOnance at 100 kHz by:

capacitors within the 100 Kszdrfver ampTifier Ve reconnected the coils in
para]]e] a1d1ng and were ab]e to series resonate them w1th a capac1tance of
596pF whence they exhibited, fortu1tous]y, an 1mpedance of 50 ohms

- As'a modu]ator we used a Hew]ett Packard 467A Amp11f1er Power Supp]y which

“can deliver 10 watts up to a maximum frequency of 1 MHz Hav1ng this unit at

AN

hand- prec]uded the- nece551ty of des1gn1ng and construct1ng an equivalent unit.
- In th1s section we describe the design goals and criteria of the receiver/

demodulator system and provide circuit details for those who may wish to use

'the*system for these'or otherlpUrposes.

The heart of the conversion is the 1MHz coherent rece1ver ‘shown schemat1ca]1y
- in Figure 2. The genera] ]ayout is stra1ghtforward and common]y used The
1mportant difference between this and the similar 100 kHz system is the 1ncreased
bandwidth of the new system--increased bandwidth be1ng_requ1red because the
rise—timevot the transient'response_of a system s inVersely related'to its
bandwidth. * Our design‘strategy was to choose a postdetection_cutoff frequency

which‘was as high as. feasib]e without sacrificing strong. rejection of‘the 1MHz

carrier and to then requ1re that the predetect1on bandw1dth be as' narrow as.

possxb]e w1thout 51gn1f1cant1y degrad1ng the response estab]1shed by that post—

detection filter. A four—po]e.BOO kHz Butterworthb]owepass filter yields a
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10% to 90% rise-time of 1.5 psec'and«more'than 40de-offattenuation'at 1hMHz.
Thersingle-po1e.selectiVe amp]ifier»reduces the predetectionsnoise bandwidth
while, with a Q of 2, maintaining an enve1ope.rise-time_offless than 1 usec.
:Desfgn and construction'of the receiver were simplified by emp]oyment of several
high-performance'components; The Navetek’Mode] 5080 attendator provides a
79 .dB gain range-while introducing negiigib]efphase shiftt_thds avoiding dephasing
the synchronous detector To accomp1ish thfs with'an'attenuator assemb]ed from
“discreet res1stors, capac1tors and a standard wafer- type rotary switch would
‘require much time and effort. Based on prev1ous-exper1ence we qsed the-Hew]ett-
Packard 10514A‘ba1anced'mixer as a phase detector ' This 1fkewise'saVed much
des1gn t1me as the detector must respond ]1near1y over a. w1de dynam1c range of
_s1gna1 1eve1s | | L |
' A P1erce type crystal osc111ator generates the ]MHz reference wave. Un11ke '
the elaborate reference source in the 100 kHz system, the 1MHz reference amp]1~
tude is unregulatéd. Adopt1on of "this simplification 1s recommended by Leskovar' s
~analysis whith“has“shown ‘that if the phase detectore1npuths1gna1-to-no1se rat1o
is much smaller than_thefreference—to-noiSe ratio, then'the output signal is’ .
‘not dependentVUpon‘the reference amp1itude‘5' Although thevESR signal is strongly
dependent upon the modulat1on amp11tude (which is der1ved from the reference),
the resu]tant stab111ty has been comp]ete]y sat1sfactory
An average respond1ng detector feed1ng a voltage comparator 1nd1cates over-
1oad cond1t1ons and, in conjunction with an FET sthch protects the mixer.
Two 'L' networks form a lossless power splitter wh1ch presents a 50 ohm
1oad‘to the class C buffer amp11f1er. | | |
Initially, it seemed that development of an adequate pre-amp]ification
- system would bestow unwelcome e]ectrical and. mechanical cha]1en§es.' To inter-
~ change amp]ifiers'when sWitching between 100 kszand'l MHz operations would be
‘very 1nconven1ent but 1t was reasoned that a s1ng]e w1de bandw1dth amp11f1er,

usab]e at both frequenc1es would adn1t excess1ve unnecessary noise, A]so,



while retention of,the detector;current—monitoring,andﬁAFp sdgnalv(70 kHz)
capabilities of the origiha] pre-amp. was mandatory;zsimp1y~adding‘a-para11e1
1 MHz amplifier wou]d compromise,: due to source 1oad1ng, ga1n and- noise: perform—
- ance. Finally,. the pre-amp compartment is sma]] and crowded

Qur d1scovery:thatethe,or1g1na]Apre-amp.has-an‘upper -3:dB frequency of. -
900 kHz and more than,33‘dB of_gainsremaining at 1:-MHz permitted=an easy solu-
tion to-these prob]ems.-'Another:stage, havinghlo.dB;of:midband gain, 50 ohm-
.output:impedance;wand -3 dB frequencies.of 400 kHz.andijﬂs.MHz hasvbeen‘added
following the,origtna] amplifier. vOperation'of:the ]OOdKHz amplifier is undis-
turbed and_a Separate.l.MHz output isvprovided.;dThis ctrcuitrysis shown in.
Figure 3t\.The‘adddtiona] components'were'placed,in unusedpspace on the original
circuit'board;_ Before modification, this board‘had.a1l_otherw15e'unused'pins.
_dedicated tokgrounding; One of these -pins (R) was liberated to be used as- ' .
the MHz,output.termina]Jg The on]y.off?board}modificattonscrequired.were.i
the'addition of.aftypeiTNC~connector to the rear pane]fand the-substitution
of 1100 ohm va]ues for -the 2700 ohm currerit 1imiting res1stors wh1ch supply

pre—amp power

Performance v,, -
Two sets of performance cr1ter1a are requ1red The fIPSt is that. for
standard field- swept exper1ments the output S/N with 1 MHz modu]at1on is
comparable with, that atta1ned at. 100 kHz for equal modulation. amp11tude and.
| output filter time- constant _ Figure 4 offers such a compar1son‘of,the,ESR-vv
_5 ' ‘ B

-M MnSO4

Mn+2 was chosen to test, the sens1t1v1ty of . the system because its. re]axat1on

spectra of 4 x 10.

time is short- compared to the:-modulation. frequency For samp]es with- a ]onger
relaxation ‘time, attenuat1on -of. the signal amp]1tude is. observed at 1 MHz compared
to that at-100 kHz - This.observation underscores the des1rab111ty of: retaining

the 100;kHz'mode;ofioperatton;forfsteady;state oraslowfklnet1c experiments.. .
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The second criterion is that the kinetic response:shou1d be adequate.
To perform this test, ne employed another balanced mixer as a pulse modulator
-and gated the fie]d'moduiation on and off while sitting on a (first derivative)
peak of,a'strong ESRtsigna]._ Figure 5a shows the RF,cnrrent flowing in the
modulation coi]stand Figoreb5b’shows the associated receiver output. The
response is seen to fo]]ow closely: the excitation which rises exponentially
: w1th the 2 usec. time- constant imposed by the resonant modu]atlon c1rcu1t
The true f1e1d modulation amplitude on the sample was measured by the line

6 the observed -

‘broadening effect'of overmodulation As described in P001e,
linewidth is equa] to the modu]at1on amp]1tude if the modu]at1on amp11tude is |
swgn1f1cant1y greater than the inherent linewidth of the species be1ng observed
Using an agueous’ so]ut1on of TEMPO (2, 2 4 4 tetramethyl p1per1d1ne -oxyl), the
modulation amp11tude (Apr) was found to be 4 gauss ‘with a 35 V peak-to—peak
modulation-voltage Th1s modulation amp]1tude suff1ces for most s1tuat1ons

we have encountered : If h1gher amp11tudes are sought, care must be taken lest

~ the coils should be destroyed.

| As a final indication of the utility of this conversion we show stgnals
obtatned from phbtosynthetic samp]es exposed to 1 usec pu]ses}of 600 nm light
from a Chronatix'CMX~4 dye laser. Observation of these signals required extensive
Signa1 averagingt. As the time course of these signa1s“iS.faster than'can be
acquired by ordinaryrsignalfaveragers; ne employed a Bfomation Model 802 as a
fast digitizer. Thisxunit is interfaced to a Nicolet NIC-80 computer. ‘This
combination is_arranged so that after each pass of the Btonatton‘tts digital
contents are addedltolthevmemory of the NIC-80 for as manyfbasses as are required
to_attatn the reoutstte-S/N; In Figure 6 is:shown the fastest Kinetic component
we have observed to date. This signal, which is the'SUbject of a.separate_
paper,7_is an emisston transient. In determining a pointebyepoint spectrum,

we found magneticpfield values for which this,signaT~is absent but at which



another resonance occurs; thereby‘e1iminating the possibility that we were
merely recording:a_f1ash artifact. This was comforting as we had been concerned
that the AFC system, operating at.only 70 kHz, wou]d,bequnable_to;compensate=
for rapid,changes tn cavity frequency caused by the flash. Appenent]y thesev
effects are smalllcompared to the sionals we are obserVﬁng;

We conclude withlthe reminder that;if kinetic constants faster”than ]Vusec
are to be fo]]owed and quant1tated by ESR measurements 1t is necessary to
reduce ‘the- operat1ng qua11ty factor or Q of the sample cav1ty Conventional
TE”2 rectangu]ar cav1t1es operate w1th Q's of about 5,000.. S1nce the. time

-1

vrequ1red for the 1eve15 of the fields in the cavity to change by e afe-of-

order 2Q perlods of the osc111at1ons, such Q's limit. the response to about 1

usec. Such. 11m1tat1ons are well known in the field of. pu]sed ESR spectroscopy 8 9
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FIGURE CAPTIONS

Figure 1. ;

Figure,é.

Figure 3.

Figure 4,

»ngureﬂS.

B]ock d1agram of elements 1nvo]ved in’ the convers1on of an E- 3 ESR

spectrometer from 100 kHz to. 1 MHz f1e1d modu]at1on . An augmented

~pre- amp11f1er, p]aced on the original pr1nted c1rcu1t board feeds
. the coherent,recelver indicated w1th1n the;boxed;enc]osure."For
: _conventional spectra,.the‘new receiver feeds;the instrument’s
'recorder while for transient or kinetic measurements-theHQUtput

_ fi]ter;is;reduced.to'feed an externa]-deviCe.; sl

:-Schematic circuit diagram'of the 1 MHz~m0du1ation system.

I_MHz,preéamplifier modifications. The components  shown below
the broken line are added. The 1.1 k ohm resistors leading from

terminals C and E have been reduced from their original 2.7 k values

“to accomodate the additional load.

Comparison of the performance at 100 KHz and -1 MHz. The sample

was a 4 x 10™° M aqueous solution of MnSO, contained in a flat cell.

In (a) the spectrum'taken at 100 kHz. In (b) the’same sample'Observed v

with' the same modu]at1on amp11tude and output f11ter time constant

"w1th ‘the 1 MHz system ina dup11cate E- 4531 cavity. The d1fferences

between the two spectra resu]t from some contam1nant in the 1 MHz

' cavity as-shown' in (c).

K1net1c response of the mod1f1ed 1nstrument The Zeeman field-was

1»set to a flrst der1vat1ve peak and the f1e1d modu]at1on gated on
for 25 usec “Trace (a) shows the current f]ow1ng through the

‘modu1at10n co1]s, the r1se and decay t1mes are determ1ned by the
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Q of the series resonant circuit. In trace (b) is shown the ESR
signal from TEMPO: The rise and decay of the ESR signa1 closely

follow those of the modulation fields.

Figure 6. 'Kinetic'response of a photosynthetic samp1é to 1 usec laser
| excitation pulses. The time width of theIESR-SignaT is Vimited
by the'2 us response of the systém. Although,hpt apparent in this

figure, the signal is inverted in sign and thus an emission.
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