PHYSICAL REVIEW A VOLUME 56, NUMBER 5 NOVEMBER 1997
Time-delayed second-harmonic generation in cesium vapor

A. I. Lvovsky and S. R. Hartmann
Department of Physics, Columbia University, New York, New York 10027
(Received 24 April 1997

Refined measurements and analysis of time-delayed second-harmonic generation Dy H&S6, transi-
tion in Cs vapor are presented that resolve the disparity between the measured and calculated time delays
reported in its initial observation. We extend our work to tH2sf-6S,, transition which, in agreement with
our analysis, is characterized by a slightly smaller delay. For both transitions we also measure the amplitude of
the second-harmonic intensity and find it close to what we estimate it shou]&b@50-294{@7)08611-3

PACS numbeis): 42.65.Ky, 42.50.Md

[. INTRODUCTION measure for the reportdd] discrepancy in second-harmonic
delay. Significant corrections are also made by taking into

Sum and difference frequency radiation generally appeargccount the temporal response of the detector.
simultaneously with the excitation fields that induce it. Until ~ Simultaneous with the second-harmonic generation are
recently[1], this notion had not been examined in any detail.superfluorescence processes that modify the second-
In many situations the notion of an immediate response i§larmonic output. These too are delayed, but the relevant
real[2], in other cases only apparent. A case in point is foundnechanisms are different and competing effects could be un-
in the experiments performed in an atomic vapor where dangled. The trick was to generate the second-harmonic with
transverse magnetic field was applied to break symmetr§Xcitation pulses that were not excessively energetic. In most
[3,4]. Those experiments were performed using excitatiorfases second-harmonic signals could then be observed before
pulses and detectors that worked in the nanosecond regin®¥ in the absence of any superfluorescence degradation. To
and were therefore just under the threshold of being able téhis end we established the regime over which the second-
resolve the noninstantaneous character of the response. B@rmonic intensity varied as the square of the excitation
using picosecond excitation pulses, fast avalanche detectofdylse intensity and beyond which it saturated. These mea-
and working in a vapor of cesium whose heavy atoms retar§urements also enabled us to set a limit on ahea (inte-
the action of Doppler dephasing, the delay of the seconddrated Rabi frequengyof the excitation pulse to allow a
harmonic radiation recently has been made made manife§uantitative check on the measured energy of the second-
[1]. A puzzling feature was that the magnitude of the delayharmonic signal.
seemed to be more than a factor of 2 greater than calculated
[1]. This discrepancy raised questions as to the validity of the||. TEMPORAL EVOLUTION OF RADIATION PATTERN
time-delay observation that we address in this paper. To this EOR AN ISOLATED ATOM
purpose we also report time-delay measurements of second-
harmonic generation on the neighborin®£,-6S,, transi-
tion and supplement them with quantitative measurements of A superpos|t|on state giving rise to a quadrupole moment
the second-harmonic pulse energy.

Second-harmonic generation occurs when an optical exci
tation at frequencyw produces cooperative emission a.2
However, the process by which the second-harmonic radia- 6 N R
tion develops is best understood by examining the radiation So(M) = W'“ —0n)-(Q)-AlZ,4N, (2.1
distribution pattern of an isolated atom that has been put in a m
superposition state by the action of a short two-photon- .
resonant excitation pulse. For our system this pattern initiallywherel is the identity operatom=R/R, c is the velocity of
has a null in the phased-matched direction defined by antight, k=2x/\, where\ is the quadrupole transition wave-
collinear with the excitation pulse. The application of alength, andavg denotes an average over optical periggls
transverse magnetic field causes this pattern to change al
develop a component in the phase-matched dire¢tgn

We begin by calculating the temporal evolution of the
radiation pattern and displaying it pictorially. Our calculation - s
also gives the second-harmonic pulse energy along the (Q)=Tr Qp, (2.2
phase-matched direction, which is what we measure experi-

mentally. These measurements, using sample cells of glas : . ; 3 .
are then described in detail. The metstainless-steglcells \?/herep is the density matrix, and decompa@eaccording to

A. Formula development

(Q) e(3FF—r2I> radiates from the origin t&® with an in-
tensity (Poynting’s vector

=
rédoldface is used to indicate an operator. We calcufate
from

used earlier produced eddy currents when subject to the L g=+2 R
pulsed(but static on the time scale of the experimemiag- Q= 2 Qz,qlz 2.3
netic field. These eddy currents were responsible in large q=-2 q
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whereQ?9=e\/16/7Y24(F) is theqth element of a second- Over the range of magnetic fields used in our experiments
rank irreducible quadrupole tenso¢?9(F) is a second-order the Zeeman splittings were of the order of 1 GHz. The hy-
2 perfine interaction, on the other hand, splits the grousg,6
- state[8] by 9.2 GHz and the excitedD5;, 5/, States by about
n-Kgy N=/4m/5Y?4(n). They are given explicitly by 0.1 GHz[9,10]. Since the latter splitting is small compared
to the inverse Doppler width, we can neglect it without in-
2 \[ P S troducing any significant errors. In dealing with th&,6
KiZ:E 2 [11-22*i(12+21)], (24 state we note that the=7/2 nuclear spin leads to angular-
momentum states characterizedmy 3,4 with energies that
U we write asﬁQS3 andﬁQSA. Zeeman splitting occurs sepa-

rately on each of these states and is thus a perturbation of the
already existing hyperfine structure. We denote the Zeeman
frequencies byw with the appropriate angular-momentum

. (2.6 subscripts. Then

solid harmoni¢ and thelzq’s are defined by the relation

Rom| B 115 2
o 2 2

Writing R for the response to the laser excitation pulde, _ § A A
for the Hamiltonian, angb, for the initial density matrixp Hint_mJ:_JD Myfiwy,[D1,3,m;)(D1,J,my|
develops in time as A .
p=e (MHRpR et /MHL 2.7 +2 2 [Mmehog +h(Qs ~ Q9IS Fme)
=3 m =t
We specialize td 1 (8.1 k) and set £H, 2=k, and 3=¢ as X(S; ,F,mg|. (2.10

unit vectors along the applied magnetic-field, propagation,
and electric-field polarization directions, respectively. SinceT
the dipole transition matrix elements associated with the T . .
6S,/-6P1/, and @ y,-6D 4, 51, transitions are approximately Hamiltonian arews;,= 5 Q,wsp= 5 for the @D,
(to within 20% equal, we can characterize the two-photon-levels, respectively, anes_=(— 1)Fwy, With wyp= 3 Q.
resonant laser excitation pulse by an a€ao that for the 63, level, whereQ), is the Larmor frequency of a
o, § free electron in the magnetic field. Assuming that all hy-
(D3,my,m/[R|S;,my,m;) perfine  states are initially equally  populated
=i 8y - Oy m (2M;)52790) sin ©/2 (S3,mj,my|po|S3,mj,my)=po= 1/(25+1)(2 +1)= 5 we
3 resolve Eq(2.9) as

he Zeeman splitting frequencies associated with the above

and
- +2 -
2 20l
(S3,mj,m/[R|S3, My, M) = 8t i Sy iy COSO/2, Qso=qzz_2 Q5Kq. (211
with my==*3 [7]. Here Jp=3/2,5/2 according to which e
Daj 5» State we refer and the subscript@notes the quan- 2q_ o-ioptPo SN +i0gt
.o : . =e "D——F—— e "se'M(Jp,F,q,t),
tization axis. The factor (8,)(®2770) comes from parity Qsp 2 QOFZS Mo .F.a.t)
conservation. It then follows that (2.12
(6):53D+ (3*S<D, (2.8  WwhereQ,=(S||Q||D) is the reduced quadrupole matrix ele-
ment and
where
+1/2 +1
Gopie i(@p-ngtP0 SINO MJo Fab= 2 X (2my)®2 )
sb 2 my,mj=—1/2 M="1
+1/2 XT(FlmJlmj)U(‘]DiqimS1mJ)i
« om)(52-3p)
mJ;m( N (2.13
+1 1/2
X > (S3,my,mle* (/) HintQ T(F.my,mp)= 2 (S3,my,m|Si,mj,m)
m=—I my=—1/2
xXe" (i1%) Himt|D£’z My ’m|>' (29) X<Si 1mi'], 1m||Si lFamF>e+imeSFt
where Q)5 — Qg is the optical frequency of the quadrupole X (S;,F,mg| Sy, mj,m,)

transition andH,,; contains the magnetic and hyperfine in- . o,
teractions. X(S{,mj,m|Sz,mj,m), (2.14
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o 3 3 1
U(Jp.qmj,m)= > (S3,m},mg?9D3,mj m) M(E,F,Z,t):\E)sinw3,2t(sin§w3/2th(F,t)
7=-Jp
R 1" —iwpd it - 1
X<D31mJ 1m||e b1 |D31mJ’m|>1 +COS§(U3/2tTn(F,t)), (224)
(2.15

2 > . . where we have defined
and g°%= Q“9/Q, is the normalized quadrupole moment

whose matrix elements are determined via the Wigner-Eckart 1
theorem. 1 F sir{§(2F+ 1) wqst
The intensity(2.1) then becomes T(F,t)= §+ FEZI CoOgMewy ) = 5 ’_( 1 t) ,
= A AL A ~ SIN s w
So(N)=Sp(N)N=3(Jp ,t,6,¢)nN, (2.16 2712
(2.29

1 F
To(F.)=7 21 Me SiN(Mew5t)

3 ¢k’ ,(posin®)?
S( D’t'0’¢)_727TR2Q0 2

4 2 2 mg=
szs qZO['V'(JD":"M)Vilq(ﬁ)] ’ _(1+F)sin(Fwyt) —F sif(F+1)wyt]
(2.1 16 sir?(%wl,zt)
)= (). (Ky+K_g) - 218 (2.26
a (1+6g0) ForJp=5/2

where the direction of is defined by polar angleg and ¢.

1
In Eq. (217 we have used(Q)2,=2/Qsp?> and M(E’F'O't):m
M(Jp.F,q,t)=M(Jp,F,—q,t). Since the detector used in

2 2

1 3
2 COS wsst + COS = wgpt

the experiment was unable to resolve the 9.2-GHz beats as- g cos§ tTUE D+ 2 sin} )
sociated with the 8, state splitting we have averaged the 2 @52 | I\ 2 512
intensity(2.17) over one beat period by placing the sum over 3 .
F before squaring. Th@/,'s are given explicitly by —sin §w5/2t+5 Sin§w5/2t)Tn(th) ,
. 3 -
Wo(7) = - 7 sin(26)8, (2.19 (2.27)
M( Flt) —i ( ins t+5 si > t | Ts(F,t)
. 3 " . ~. Ll = Sin = Wg/) S|n_(1)5/2 s y
Wy (R)=— \[5 i[sin ¢ CO%26) 8+ cos ¢ cos 6], 2 2y30[| "2 2
3 5
(2.20 + cos§w5,2t—5 coszws,zt)Tn(F,t)},
-> A 3 ~ ~
Wo(Nn)= \/; [cog2¢)cos 80— sin(2¢) d]sin 6, (228
220 M(SFZt) L t( N~ oyt
while for Jp=23/2 theM’s are given by 2 230 2
3 1
3 1 1 3 +5sinzw t)T(F,t)+ COS = ws)ot
M(E,F,O,t) =~ 3F CoS5 Wyt +3 Cosiwg,zt)Ts(F,t) 278z ) Ts 2502
3
1 3 —5cos; wspt | TH(F,t)]. 2.2
+(Sin§w3/2t—3 Siniwg/zt)Tn(F,t)}, 2 52 ) n( ) ( 9)
(2.22  The above formulas allow us to calculate the radiation dis-
tribution pattern from an isolated atom. We note that at
3 3 3 =0, T,(F,t)=0 and so only thé/ (Jp ,F,q=0)’s are non-
M (E’Fil’t) =1 E( Sin 5 wgA T(F, 1) zero. But these terms are associated With(71) and there-
3 fore do not radiate along the phase-matched diredtisrk
° where #=¢=m/2. As time increases the other
Feos3 w3’2tT”(F’t))’ 223y (Jp,F,q,t)’s contribute and the radiation pattern changes.
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FIG. 1. Radiation patterns of an isolated atom, displayedﬂéasmgzoM(JD ,F,q,t)Vﬁ\lq(ﬁ)|2 at (1/2m) ,t=0,0.144,0.312 fodp

NIw

This change is such that radiation appears albrig give  tion pattern has precessed by2 thereby exposing the hole,
rise to the second-harmonic emission we observe in our exnitially along g, to thek axis. Thus the radiated component

tended sample. alongk modulates at four times the precessional frequency
of the radiation pattern.

B. Evolution display
We follow the single-atom radiation pattern evolution by 1Il. TEMPORAL EVOLUTION OF SECOND-HARMONIC

displaying EMISSION IN AN EXTENDED SAMPLE
4 2 . 2 A. Spatial interferences
;::3 quo M(Jp .F,a.)Wq(N) In an extended sample the radiation pattern is modified by

spatial interferences and so we must start with the expression

at several discrete values of (WpQ,t in Fig. 1. These O the electric field, which we write %]

values were chosen at successive minima and maxima of the 1 . FER

radiated intensity along. We only shoyv the radiation pat- E(R,7)= — Jexcited(l —fn)- <_3<Q>t_T vrq-h
terns forJp= 3 as the corresponding displays fig= 3 are 6c” Jvolume dt

superficially identical. .

The radiation pattern is initially cylindrically symmetrical % Na(F) 43F 3.0)
aboute and zero along both and the plane normal to it. As |§_ f| ' |
time increases it appears to precess about the magnetic field
while decreasing in size and distorting slightly. This preces- R
sion provides a radiation component aldagwhich is what ~ wheren= (R—F)/|I§—F| and ny(r) is the density of mol-
we detect in our experiment. It maximizes @{t=0.144, ecules af. For an oscillating quadrupole moment the above
and then at 0.312 effectively vanishes again after the radisexpression becomes
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> >

ik3 s 3 .
E(R,T)%?f(l—nn)-(QSD(r)-n)

> — 4 ' -
X———ngy(Fd3 +c.c. (3.2 3 |M( . FLe) W[
|R—T] F=3
In what follows it will be understood thdd is written witht
replaced byr.
Since the spatial interferences dominate, emission onl o 01 02 03 04 05 06 07 08
occurs in a small solid angle aloﬁg In the far-field approxi- Ly
~ ~ . e ~ e - . 3 Py Lt
mation n=k; since Wy(k)=W,(k)=0 we find that ( 2n

— 1R - Qo(t) - A=QZ ()W, (k). Far from the samplek|R

N ~ : FIG. 2. Evolution of the radiated power along the phase-
—rfl=kR—kn-f and we write

matched directiom=k, displayed vias¢_5|M(Jp ,F,l,t)VT/l(k)|2
k3W plotted as a function of (1/2) Qt for both J5=5/2 and 3/2.
. i o

E(R,7)= WLk 'ka Q&pe " ny(F)d¥ +c.c. ,

A2 -
(3.3 P= NZW—Wg sir OR?Sy(K)g— /2, (3.10
It is convenient to display the spatial and phase character of
the excitation pulsgp in Eq. (2.9 should have been written

with the factore’® " wherek= 27/\ {2, to account for the )
variation in spatial phase introduced by the excitation QulseSO( )= mi2

which is the equivalent of EqC6) in [11]. Substituting for

by writing
- 1 ¢k,
(Q*H=(Q*N - n2 sin O(F)e* " (3.9 P(Jp.t)= 5N WQOPO si ©
0
so that the radiated intensity is 4 )
X 2 IM(3p F.1DWy (k)% (3.1
- ) R o F=3
S( |E(R T)|augn SO(k)G‘): 17/2|G(n)|2n1 (35)
which can be written as
where
G(n)= gl (k=ki)- * sin @ (F)ny(7)d3F. (3.6) P ho o
d . P(JD,I)ZEKZ—WSTSDPO sir?
The radiated power is then 4 .
X 2 IM(3p F.1DWy (k)% (3.12
R F=3
P=So(Klo- o GRG0, (37
where T3P is the fluorescence lifetime of th® state for

where the integral is over the solid angle. o .
For a uniformly irradiated cylindrical sample of consstantqu""drlJpOIe emission to the state. It relates Qo via
number density, length, radiusw,, and large Fresnel num- 1/T1°= (k%) QF; see (67) in[12]. i
ber The temporal evolution oE¢_5|M(Jp B LW, (K)|2 is
displayed in Fig. 2. Markers have been placed (itt
oy — ; ikwsin ¢ cos =0.144, 0.312, where the radiation patterns were shown in
G(n)=ng sin ®f © Pestdlwdwd, (38 Fig. 1. We note that the behavior disglayed here differs from
a simple precession as the ratio 0.144/0:322+ 2 and the
where we have introduced the cyl|ndr|cal coordinateénd  nyll at 0.312 is not complete; the “intensity” there is 0.2

written k—kh= kg sin ¢, whereg k=0, k-fi= sinyg, and  #0.

g-F=w cos¢. Writing N= 7TndLW0, then on integration For Cs, a rough estimate of the positien of the first
peak is obtained by settiningJDrl: 72, whereJDwJD is

G(f)=2N sin J1(kwp sin ) (3.9 the highest frequency component in the radiation response.

B kwg sinyg ' ' Since the response functions of Fig. 2 depend only on

Q. t, they are universal and independent of the magnetic
(J, denotes Bessel's function of ordey, In which we set field. However, Doppler broadening modifies the response
sin = and usedo=2mdy to obtain: with time and gives rise to aH-dependent reshaping.
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FIG. 3. Evolution of the radiated power aloﬁg=ﬁ as degraded
by Doppler dephasing, displayed via
f(t)22¢_|M(Jp ,F,1t)W,(k)|? plotted as a function dfin nano- o
seconds for botd,=5/2 and 3/2. Separate plots are given for two v
fields, 200 and 400 G. In calculating(t) we have setT}
—0.52 ns. FIG. 4. Energy-level diagram highlighting the 4426(4417-A)
second-harmonic transitions between ti$g,6and @ s/ 31, levels
B. Doppler broadening and the nearby yoked superfluorescence transitions at 458355

A) between the 8,,, and P (317,112 levels. Also highlighted are the

In the case of a Doppler-broadened gas the radiated pOW%ked superfluorescence transitions via the intermediBtstétes.

is degraded by an additional factbft)? so that
tion of the second-harmonic signal will be modified by the

— 2
P(T.Jp,)=1(1)"P(Jp.1) (3.13 superfluorescence induced depopulation of thesate. For-
where tunately, superfluorescence does not develop until the gain
al (wherea is the gain per unit length arld is the sample
f(t):e*(”"‘)“”z)z, (3.14) length on their associated transitions becomes of the order

of 100. Before then, only amplified spontaneous emission

TS = (1K) JaM/2ksT, T is the temperatureks is Boltz-  =OTORES ST 0 AEl B B0 oo il the
mann’s constant, anidl is the mass of the cesium atom. At §

T=180 °C,T; ~0.53 ns. Even though we work at relatively second-harmonic Intensity IS proportional to

d(aN sin®/2 cos®/2)?, it follows that while increasing the
low temperatures and the Cs atoms are heavy, the degrada- . :
number density to enhance the second-harmonic output,

tion can be pronounced, as shown in Fig. 3. Here the re; roper care has to be taken to keep the excitation energies
sponse is plotted as a function of time in order to demon-IF())Wpenou h to avoid su erfluorescer?ce effects 9
strate the practical effect of applying a magnetic field. At 200 gh fo av b : :

. : . : Another limitation on the number density comes from the
G the coherence is severely damped and is effectively wiped

out in less than 1 ns. At 800 G the distortion is less Severéeqwrement(lmpI|C|tIy assumed in our analygisthat the

since the signal is mostly over before Doppler dephasingcl'_ample is optically thin at the second-harmonic transition.
becomes effective. his condition is necessary to avoid depletion of the excited

In the absence of Doppler dephasing the peak delays a etate due to rao_llatlon reactiph3]. In ot_her words, the num-
. . ) : ; er of photons in the second-harmonic pulse should be much
inversely proportional to the magnetic field since .
) 4 . . smaller than the number of atoms in the sample.

w12,w3,ws>xH. With Doppler dephasing this proportion-
ality fails. The degradation factor drastically shifts the peak
position as its unperturbed location moves into the middle
hundred picosecond region whefét)? is significantly re- 1. Optical circuit
duced from unity. In the low-field limit the second-harmonic .

Our experimental setup was almost exactly the same as

20— (72)UTE)2  ialdi Iy
response follows’e™("2UT2)" yielding a delayy2/mT;  gescribed in[1]. A Spectra-Physics series 3000 actively

B. Apparatus

~0.42 ns independent of both, andH. mode-locked Nd:YAG lasefwhere YAG denotes yttrium
aluminum garnet was used to produce a train of 80-ps
IV. EXPERIMENTS pulses separated by 12 ns. The pulse train was frequency

doubled to 532 nm in a potassium dihydrogen phosphate
crystal; the average output power was 1 W. After attenuation
Second-harmonic radiation from theDg,-6S;, and by a factor of 2 the pulses were used to synchronously pump
6Ds/,-6S,), transitions in Cs vapor occurs at 4427 A and a Spectra-Physics 375B dye laser, which was tuned to either
4419 A, respectively; see Fig. 4. But for this to happen thethe 885.4-nm or 883.7-nm wavelength according to which
associated b state must be populated, which then makes6D-6S;,, or 6D5/,-6S;,, two-photon transition we wanted
possible electric-dipole transitions to the lower-lyinB @nd  to excite. This laser produced a train of 10-ps pulses that
6P states. Since these states are initially unpopulated, superere close to transform limited. These pulses were then
fluorescence catand will) develop and consequently evolu- spectrally filtered14], amplified in a Quanta-Ray pulsed dye

A. Practical considerations
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FIG. 5. Schematic diagram of apparatus. Helmholtz coils pro- time (ns)
duced pulsed magnetic fields up to 1200 G. The “Antel” photodi-
ode provided the oscilloscope trigger, the “slow FND” monitored  FIG. 6. Avalanche detector response to the 10-ps “instanta-
pump energy, the “fast FND” generated a reference for eliminatingneous” second harmonic generated by the LilO
jitter from the oscilloscope trigger circuits, and the “APD” regis-
tered the SH signal. Detector response was accounted for by refefhe former response is delayed relative to the latter. This is
encing the SH generated by the Cs to that generated by the LilGhe reverse of what obtains with a photomultiplier.
crystal. When using thg Lilg) the magnetlcflelq was not. turned on The outputs of the fast FND and APD’s were fed into a
and both interference filters were placed behind the 4 d@stal. 1-GHz Tektronix 7A29 amplifier mounted in a Tektronix
amplifier, spatially filtered, and divided into three parts; see’ 104 oscilloscope mainframe. The Tektronix 7B15 time base
Fig. 5. One part was directed into an EG&G FND-100Was triggered externally by the response to the pump pulse
(“slow FND”) photodiode that measured the pump pulse®f & 35-ps rise-time Antel AR-SP'Antel” ) photodiode. A
energy. A second part was directed onto a 1-GHz-bandwidt €ktronix DCS01 digitizing camera captured oscilloscope
EG&G C30971E silicon photodiodé‘fast FND”) to pro- traces W|th 20—ps. pixel resolution. The response of the fast
vide a stable time reference signal. A third part was imaged, ND provided a time reference for each SH pulse measured
by a 500-mm focal length achromat lens, at the center oPY the APD, effe_ct|v_ely eliminating oscilloscope trigger jitter
1-cm-thick quartz cell containing saturated cesium vapor!Tom the determination of delay.
The cell was situated in an oven and at the center of a pair of 11€ location and cabling of the fast FND and APD were
6-cm-diam Helmholtz coils. These coils, driven by a 250- such th{:\t they produced distinct _traces, separated by 3 ns, on
period switched_-C circuit, provided an effectively static, (N€ oscilloscope screen whose time base was set to 1 ns per
vertically directed magnetic field. The magnetic-field modulediVision. The connection between the displayed time interval
was calibrated by inducing emf in a secondary coil of known@nd the actual time delay between the pump and Cs SH
geometry, which was inserted between the Helmholtz coil®UlSes was made by making a separate measurement in
in place of the cell. which an instantaneous SH pulsg was substituted .for. the Cs

Second-harmonidSH) radiation at 442 nm, emerging SH pglse. Thl§ was done t§y) turning off the magnetic field
from the cell along the direction of the pump, was focused®"d (ii) removing the IF filter that preceded the telescope
on a 1-GHz-bandwidth EG&G C30921E avalanche photodi_contalnmg the 1-mm-thick L_|I@_crystal near |t§ focal point.
ode (APD). When observing the SH emission, all radiation In the absence of a magnetic fle]d no Cs SH is produced and
except the SH was blocked from entering the detector by twd'€ focused pump pulse at the LjOrystal generates a short
Andover 100 A full width at half maximum, 442-nm center SH Pulse with no measurable delay. Here as elsewhere the
bandpass interference filtettF’s). At the same time, the p_osmon of a SH pulse is defined by the location of its inten-
interference filters had large enough bandwidth to servéity Peak. By pulse delay we mean peak delay.
Egﬁ:lly well for both ®5,-6S;, and @5,-6S;), transi 2. Detector response

The LilO; crystal placed in the telescope was used to The overall APD detector-oscilloscope respoigg) to
provide a reference delay when the preceding interferencthe 10-ps laser pulse at the second-harmdgenerated by
filter was removed to allow the pump to activate it; otherwisethe LilO; crysta) is displayed in Fig. 6. It is significantly
it had no effect. The time-delay calibration required usinglonger than 10 ps and, in addition, exhibits ringing. The dis-
the instantaneous SH from the crystal in place of the lasefortion it introduces is considerable; however, when convo-
pump pulse because of the variation in the temporal respongated with P(T,Jp,t) of Eq. (3.13 it provides an adequate
of the APD with the wavelength of incident light5]. The reference for comparison with experiment:
C30921 APD is constructed of four layers of differently
doped silicon. Photoelectrons are produced in the first layer , e
by incident light and then accelerate to the highly doped 'del(t):f P(T,Jp t)V(t—t")dt". (4.2)
third layer where current amplification occurs. The absorp-
tion depth of light in silicon varies strongly with wavelength, = The correction in the determination of tl{peak delay
from 1 um at 400 nm to 7Qum at 900 nm. By the longitu- introduced by taking into account the detector response is
dinal geometry of the APD, the photoelectrons generated byuite dramatic as can be seen by comparing(tieak delay
shorter-wavelength light have farther to travel to the gaincurves Figs. 7 and 8 faip=3/2 andJp=5/2, respectively.
region than those produced by longer-wavelength light andn each figure, the dashed curve includes the detector re-
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below 5 MV since thermal noise then became destructive.
The overall effect of this selection process was to remove
50-80% of the recorded traces. This was sufficient for the
purpose of the experiment as after averaging, the error in the

500 4

300

g theory w det corr ) .
S theory wo det corr value of pulse peak separations was dominated by the 20 ps
£ O Runl 3 per pixel camera resolution.
100 O Run2 ‘?{i
0] & Run3 2 4. Sample cell
60| @ ReflllwHeor All experiments were performed in a quartz cell. Al-
T e 1000 though the previous workl] was performed in both quartz

and stainless-steel cells, the signals from the quartz cell were
H (Gauss) of poor quality and only the results from the much longer
) . _ . stainless-steel cell were analyzed in any detail. This was un-
FIG. 7. Comparison of experimental and theoretidaith with  fortynate inasmuch as eddy currents from the applied pulsed
and without accounting for the detector response funtti@hays in magnetic field reduced the field at the sample by about a
the second-harmonic emission on tr#§ 6D, transition as func- 4001 of 0.36 and prevented a suitable comparison between
tions of magnetic field. experiment and theory.

sponse; the solid curve does not. Note that the slope of each 5. Energy measurements
solid curve is—1 at large fields and levels offo zerg at
low fields to a value independent df in accord with our
discussion in, and immediately preceding, Sec. Il B.
Including the detector response increaseqfleak delay
in proportion to the temporal width of the uncorrected re- _
sponse. In the limit of smalH the corrected response is Esn J’ P(T.Jp.t)dt. @2
~30 ps greater and again independendgfas the response
curves become independentdf asH—0. As the field in-  Our object here was to determine both the absolute magni-
creases the “low-field” response width first narrows and thetude of the SH response as well as the functional dependence
associated additional delay gets smaller. Next, the effectivef the SH energy on the excitation pulse energy. We re-
width broadens as the ringing in the respofsee Fig. 2is  placed the avalanche photodetector with the slower but more
no longer hidden by Doppler dephasing. Rgy=5/2 these sensitive RCA C31034 photomultiplier tube. The photomul-
effects come into play sooner &kis increased. tiplier output as well as the slow FND detect@o provide
the excitation energywere directed into Stanford Research
Systems SR250 gated integrators. Their gate widths were set
L at 40 ns to amply cover each pulse and the outputs were
For each value of the magnetic fleldZ 100-150 Wave'formseparately stored in a computer without any averaging.
traces were recorded. Each trace conS|sted_ of the pump PU|§%1034 photomultiplier tubes vary in gain, from one tube to
_followed by the SH pulse_. The_re was considerable variation},o next, by more than an order of magnitude and so we
in the absolute and relative sizes of the two traces and thgyjiprated ours by looking at the anode current resulting from
fII’St. pulse could .effect the shape of the second |f_ it werey “typical” single photoelectron. At the 1.5-kV bias the
sufficiently more intense. Our setup was such t.hat if we i9easured gain wasx31C°, which is at the upper end of the
nored all wave-form traces exceeding 20 MV this effect wasy,in gistribution for these tubgd6]. Since the excitation
negligible. At the other end we ignored wave-form tracesiyiensity fluctuated considerably, the dependence of the SH
energy&sy over a wide range of pump pulse energiggy,
could be obtained by collecting data at a single setting of the

We have also checked our calculation of the emitted SH
power (3.13 by measuring the total energy of the SH pulse

3. Delay measurements

= laser system.
300 N
& C. Results
% theory w det corr
g ----- theory wo det corr 1. Delay
1004 © Runl Measurements of second-harmonic delay for experiments
30 8 Run2 performed on the $,,,-6D 3, and 6,,,-6D ¢, transitions in a
. quartz cell at 170 °C are presented in Figs. 7 and 8, respec-

tively. The open markers denote data sets taken on different

days. For comparison we also present, in the form of solid
H (Gauss) circles, the data from Refl1], except that the magnetic-field

values reported there have all been reduced by a factor of

FIG. 8. Comparison of experimental and theoreti¢aith with ~ 0.36. This is the reduction we ascribe as due to the induction

and without accounting for the detector response fungtietays in ~ Of eddy currents by the application of the pulsed magnetic

the second-harmonic emission on ti# 6 6D+, transition as func-  field. It was determined by simply fitting to the open circle
tions of magnetic field. data. With this correction all data are in agreement. The de-

T T
100 1000
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100 - quadratic fit: 10-
0< Epyyp <30
1,
: d(Esy
’sH ( > ) 0.1
A(Egamp)
0.014
0.001 T 1
1 10 10?
€ -
pump ny (1014 cm3)

FIG. 9. Second-harmonic energy displayed as a function of

pump energy af =140 ° C ancH=290 G. The initial dependence FIG. 10. Second-harmonic and superfluorescence pulse energies

displayed as functions of pump energy. The superfluorescence

of Egy ON Epymp IS displayed by the quadratic fit. threshold is clearly displayed. All measurements were madé at
=290 G.

tector response correction was clearly essential in analyzing

the J,=5/2 data, only marginally so falp = 3/2. length. Integrating Eq.(3.13 over time with T5P=(2

Some data sets are displaced from each other by a fixeg 109 T5P[17), T5P=30x10° s, and
amount we ascribe to the difficulty in determining, by better
than 20 ps, the reference value of the pump-SH peak sepa- o 4 .
ration associated with undelayed SH generation. Since this J f(t)zz IM(Jp ,F,1H)W,(k)|?dt=2 ns (4.3
value is determined once for each run and then subtracted 0 F=3
from all pump-SH peak separation data the whole data set . .
can be shifted by 20 ps. In addition, there is an uncertainty oior both Jp=3/2 and 5/2(see Fig. 3, we estimate the num-

20 ps in the determination of the Cs SH delay for each par>€' of photons rgdiated by t_he sampleTat 1800.(: to be
tichI)ar data point. y P 2% 10" sir? ©. This result validates our assumption that the

sample is optically thin.
If we set®==/10 we obtain the experimentally mea-
2. Energy sured result. For an independent estimat®ofve examine

(a) Functional dependenc@he excitation pulse are@ Fig. 9. At T=140 °C it shows that the quadratic dependence
should vary in proportion to the pump energy,m, since  0f Esy 0N Epymp continues untiy mg~40. This means that at
second-harmonic generation is a second-order process. F&sumg~40 the pulse area is still small enough for the approxi-
low pump powers si®~0 and we then expect that tifig,,  Mation sin@~0 to stay valid, i.e.0 (Eyymg=40)=< 7/4. But
should vary a§r2)ump' To verify this, a number ofsy,Epymp ~ OUN Measurements were madeTat 180 °C where super-
data sets were obtained at temperatures ranging from 140 @tiorescence begins df,,,~25. Noting that the depen-
to 220 °C. The expected quadratic dependence was indedtgnce of® on &,m,is independent of temperature; we con-
observed at low pump intensities. It then broke off at anclude that® < /7. . . .
energygg[,mp (Fig. 9), which was found to decrease with The f:lose agreement obtalneq is clearly fortuitous. _Our
temperature. Measurements of the-BS superfluorescence Calculation has assumed the excitation beam to be uniform

energiesSsy performed for the same range of temperaturegVhen in fact it has a Gaussian profile. The notion of a single

showed thaﬁg[mpwas approximately the same as the thresh© throughout the excited volume is not, strictly speaking,
old pump energy for the superfluoresceriEeg. 10. It can
thus be concluded that it is the onset of superfluorescence 807 . Eg 180 °C
that causes the quadratic dependencéspfon &£,mpto fail. 70-| o Esy
The measurements summarized in Fig. 11 display the ini- 60

tial quadratic slope as obtained from each of a set of experi-
ments performed at five different temperatures. A straight £ E
line of slope 2 has been drawn through the data points to > >
show the agreement with the expected dependence of the
energy onnj.

(b) Magnitude. The maximum second-harmonic signal
observed aff=180 °C corresponds to>210° photons re-
ferred back to the sample. This value was effectively inde-
pendent of magnetic field over a range 300-1200 G. The
sample length was 1 cm with the beam radius at which the
intensity is reduced by &/ of about 0.03 cm. At the speci- FIG. 11. Derivative of the second-harmonic energy with respect
fied sample temperature there wéte: 2x 10" Cs atoms in  to the square of the pump energy, displayed for several values of
the cylindrical volume determined by the noted radius anchy. All measurements were madetat=290 G.
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correct. Our analysis, though rough, is good enough to ention. Here we find similar but distinct behavior and again
able us to claim that we understand the origin and magnitudebtain agreement between theory and experiment after taking

of the observed SH signals. into account the short-pulse response of the APD detector.
This latter consideration was not essential in the first experi-
V. CONCLUSIONS ment, but very important in the second.

. . The intensity behavior of the second-harmonic signal ver-
The discrepancy between theory and experimentlin us pump intensity exhibited quadratic character as long as

L : )
has been resolved by taking into account the screening of t ; S .
applied magnetic field inside a nonmagnetic 304-typ§?‘e latter did not exceed a certain limit after which a super-

stainless-steel cell by pulse-induced eddy currents. The fieljuorescent burst occurred8], depleting the population of
at the cell was produced by a 25@period single sine wave (e upper ® level and knocking down the second-harmonic
current pulse applied to a Helmholtz coil and was sufficientlySignal. The quadratic slope of the aforementioned depen-
short to induce shielding currents that reduced the applie§ence was proportional to the second power of the number
field by a factor of 2—3. density in agreement with the theory of cooperative phenom-

In addition to the second-harmonic measurements madena. The total energy of the second-harmonic pulse was
on the ®,,-6S,), transition in[1], we have studied the found to be in good agreement with what was theoretically
second-harmonic delay behavior of th®£-6S,,, transi-  expected.
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